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Natural Killer T Cells

Similar to conventional T cells, NKT cells develop from CD4- CD8- 
thymic precursor cells. In contrast to conventional αβ T cells, which 
are selected by MHC-peptide complexes presented by thymic epithelial 
cells, NKT cells are selected by CD1d-lipid or glycolipid antigen 
complexes present on the surface of CD4+ CD8+ double positive cortical 
thymocytes. In order to develop, NKT cells require signals from the 

signaling lymphocytic- activation molecule (SLAM) family which is 
a 70-kDa co-stimulatory molecule belonging to the immunoglobulin 
(Ig) superfamily [9]. It has been shown that the transcription factor 
promyelocytic leukemia zinc finger (PLZF) is also essential for NKT 
cell development [10-12]. Importantly, in the absence of CD1d, NKT 
cells fail to develop.

CD1 Molecules
The five members of the human CD1 family (CD1A-E) are encoded 

on chromosome 1 and are located outside the major histocompatibility 
complex (MHC) locus [13]. The CD1 proteins are classified into two 
groups based on amino acid sequence homology: Group 1 contains 
CD1a, b, c while group 2 contains CD1d. Mice only express CD1d 
molecules. The CD1 isoforms (CD1a, b, c and d) are assembled in 
the ER and then sent to the cell surface. Like MHC class I molecules, 
CD1a, CD1b, CD1c and CD1d heavy chains are transmembrane 
glycoproteins with three extracellular domains that associate with 
beta2- microglobulin (β2m) for their recognition by T cells but with 
varying affinity [14-16]. CD1a-d molecules are expressed on the surface 
of professional antigen presenting cells such as B cells, macrophages, 
and dendritic cells as well as a few other cell types. Considering the 
structural similarity of CD1 to MHC molecules, it is not surprising 
that CD1 proteins are antigen presenting molecules [17]. The crystal 
structures of both mouse and human CD1d have recently been 
described. These studies have shown that the antigen binding groove 
of CD1d is deeper, narrower, and extremely hydrophobic compared 
to MHC class I and class II molecules. The hydrophobic nature of the 
antigen binding groove is ideal for binding hydrophobic, lipid antigens. 
In vitro binding studies have determined the molecular mechanism for 
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Abstract
Natural killer T (NKT) cells play an important immunoregulatory role and are thought to bridge the innate and 

adaptive immune responses. Following activation through cognate interactions with lipid antigen presented in the 
context of CD1d molecules, NKT cells rapidly produce a plethora of cytokines and can also mediate cytotoxicity. Due 
to their potent effector functions, extensive research has been performed to increase our understanding on how to 
effectively modulate these cells. In fact, NKT cell agonists have been used as vaccine adjuvants to enhance antigen 
specific T and B cell responses to infections and malignancy. In this review, we will focus on recent advances in NKT 
cell-based vaccination strategies. Given the role that NKT cells play in autoimmune disease, infectious diseases, 
cancer, transplant immunology and dermatology, it is important to understand how to effectively guide their effector 
functions in order to develop novel immunotherapeutic strategies.
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Natural Killer T (NKT) cells are a lymphoid population distinct 
from natural killer cells and conventional T cells. NKT cells recognize 
lipid antigen in the context of CD1 molecules, unlike classical T cells, 
which recognize peptide antigens presented by MHC class I and class II 
molecules. Similar to innate immune cells, NKT cells rapidly mediate 
their effector functions following activation and help activate other 
immune cells. Type I NKT cells, also known as canonical or invariant 
NKT (iNKT) cells express a specific TCRα chain rearrangement, namely 
Vα14Jα18 in mice and Vα24Jα18 in humans, which is associated with 
Vβ chains of limited diversity. Type II NKT cells are CD1d-restricted T 
cells that express diverse TCRs [1,2]. iNKT cells are further classified 
into CD4+ and CD4-CD8- double negative (DN) populations in mice 
[3] whereas human NKT cells are CD4+, CD8+ or DN [4]. It is thought
that CD4+ type I NKT cells produce both Th1 and Th2 cytokines such
as IFN-γ and IL-4, respectively, whereas DN type I NKT cells primarily 
produce Th1-type cytokines [5-7]. Moreover, studies have shown that
type I NKT cells exert potent anti-tumor effects, whereas type II NKT
cells suppress anti-tumor immune responses through their production
of Th2 cytokines, namely IL-4 and IL-13 [8]. This review will focus
mainly on canonical, type I iNKT cells.
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lipid antigen presentation by CD1 molecules: the alkyl chains of a lipid-
ligand bind within a highly hydrophobic groove inside the CD1 protein 
while the polar head group remains exposed on top of the extracellular 
domain, allowing direct contact with the TCR, leading to NKT cell 
activation [18,19].

Bacterial Infections
Since the discovery of NKT cells, there have been relentless efforts 

to understand their role in the host’s immune response to various 
pathogens [20,21]. α-Galactosylceramide (α-GalCer) is a potent 
activator of NKT cells [22]. It was discovered during a screen for anti-
tumor reagents derived from the marine sponge 
[23]. It is now widely used as a synthetic ligand because it activates both 
human and murine NKT cells. Following treatment with α-GalCer, NKT 
cells produce cytokines, undergo clonal expansion, and subsequently 
activate NK cells, dendritic cells, B cells, and T cells [24,25]. α-GalCer, 
the prototypical NKT cell activating ligand, has an α-anomeric 
link between the sugar and the ceramide. This is in contrast to most 
glycosphingolipids found in nature, making it unlikely that α-GalCer 
is the natural NKT cell activating ligand. Hence there was an urgent 
search for other activating glycolipids which would implicate a role for 
NKT cells in anti-bacterial immunity. The first evidence of such a role 
emerged in 2005, when glycosphingolipids from Sphingomonas, Gram-
negative bacteria, were found to activate NKT cells in vitro [26-28]. 
These bacteria do not contain lipopolysaccharide (LPS), eliminating the 
possibility of any direct involvement of the Toll-like Receptor (TLR) 4, 
and supporting the idea of direct bacterial recognition by the NKT cell 
TCR. It was also found that NKT cells were activated in vivo, following 
Sphingomonas infection in mice. In addition, Jα18-/- mice lacking iNKT 
cells had poor clearance of the bacteria from the liver as compared to 
their NKT cell sufficient counterparts. Following this study, Kinjo et 
al. reported that diacylglycerols from Borrelia burgdorferi, also Gram-
negative bacteria and the causative agent of Lyme disease, could also 
activate NKT cells [29]. A number of different diacyglycerols were 
shown to stimulate rapid proliferation of NKT cells and induce strong 
cytokine production in vivo. The responses could also be correlated to 
the length and saturation of the acyl chains in these lipids indicating 
that the responses were directly dependent upon TCR-mediated 
glycolipid antigen recognition. Together these studies provided the 
first evidence that NKT cells directly recognize microbial pathogens 
through their TCR and are important in mounting immune responses 
to Gram negative bacteria. Thereafter, it was found that the spectrum 
of NKT cell recognition was broader, and included Gram-positive 
bacterial pathogens [30]. For example, S. Pneumoniae, known to 
cause pneumonia and group B Streptococcus, known to cause neonatal 
sepsis and meningitis can activate NKT cells. Both these pathogens 
contain diacylglycerol containing glycolipids which bind CD1d and are 
presented to NKT cells, resulting in their activation. These activated 
NKT cells respond by cytokine release and are required for bacterial 
clearance in mice. 

Sada-Ovalle et al. have studied the role of NKT cells in 
Mycobacterium tuberculosis (Mtb) infection [31]. This group reported 
that Mtb infected macrophages induce strong IFN-γ response from 
splenocytes. This response is CD1d-dependent and can be attributed to 
NKT cells. Adoptive transfer of NKT cells into mice infected with Mtb 
resulted in a decreased bacterial burden in the lungs. It was therefore 
concluded that macrophages present Mtb-associated antigens to NKT 
cells, which produce IFN-γ and eventually lead to killing of these 
intracellular bacteria. To further extend the observation that NKT cells 
suppress Mtb replication, mice were treated with the NKT cell activating 

ligand, α-GalCer alone or in combination with isoniazid [32]. It was 
found that NKT cell stimulation by treatment of Mtb infected mice with 
α-GalCer led to decreased bacterial burden and longer survival time. 
This effect was enhanced when α-C-GalCer, a C-glycoside analog of 
α-GalCer was used. This was attributed to the Th1 bias of α-C-GalCer 
as compared to α-GalCer, because IFN-γ was reported to play the major 
role in anti-mycobacterial responses mounted by NKT cells. α-GalCer 
was also found to have an additive protective effect when combined 
with isoniazid. Macrophage-mediated presentation of bacterial 
antigens to NKT cells has also been reported in Listeria monocytogenes 
infection [33]. Emoto et al. reported increased IFN-γ and nitric oxide 
(NO) after intraperitoneal administration of α-GalCer in mice infected 
with L. monocytogenes [33]. Infected macrophages thereafter showed 
increased respiratory burst, which enabled killing of the bacteria. This 
study indicated that the administration of α-GalCer leads to increased 
bacterial killing in the phagosomes of infected macrophages and also 
stimulates IFN-γ responses by NKT cells, leading to amelioration of 
listeriosis. It was later reported that accelerated recruitment of Gr1+ 
cells and γδ T cells into the liver also contributed to the anti-bacterial 
effect of α-GalCer [34].

Using a different approach to modulate NKT cells in vivo, Devera 
et al. studied the effect of NKT cell activation on vaccine-induced 
anti-bacterial immunity to Bacillus anthracis [39]. It was found 
that administration of α-GalCer at the time of immunization led to 
increased neutralizing antibody titers, as well as a longer duration of 
protection after immunization with the protective antigen (PA)-based 
vaccine against Bacillus anthracis. Thus, NKT cells have been shown 
to play an important role in the immune response to various bacterial 
pathogens. Moreover, there is significant interest in the modulation of 
these responses through the use of NKT cell activating ligands alone 
or in combination with peptide-based vaccines to improve disease 

Agelas mauritianus 

The role of NKT cells in various Chlamydial infections has also 
been studied extensively. Wang et al. reported that pretreatment of 
mice with α-GalCer, followed by genital tract infection with Chlamydia 
muridarum led to reduced bacterial burden and increased IL-12 and 
IFN-gamma in the lymph nodes and genital tract [35]. NKT cell 
stimulation also enhanced IFN-γ production by NK cells and T cells 
and further boosted the Th1 response to this pathogen. A similar Th1-
biasing role for NKT cells involving DCs has been established in a 
murine infection model of Chlamydophila pneumoniae [36]. Besides 
aiding Chlamydial clearance in mice, NKT cells have also been reported 
to have a protective role in Chlamydia trachomatis-induced arthritis 
[37]. CD1d-/- mice, which completely lack NKT cells, showed poor local 
bacterial clearance in the joint and more severe arthritis as compared 
to wild type controls. Lower IFN-γ production and higher regulatory 
cytokines such as IL-4 and IL-10 were shown to be the major factors 
responsible for this differential outcome of infection. All of the above 
mentioned mouse models utilized C57/BL6 mice and have established 
a protective role for NKT cells in Chlamydial infections. However, 
Bilenki et al. reported that CD1d-/- mice on a BALB/c background 
had improved outcome after infection with Chlamydia trachomatis 
and reduced IL-4 and IgE production [38]. Furthermore, treatment 
of infected mice with α-GalCer enhanced bacterial growth in vivo and 
this could be partially rescued by neutralization of IL-4, suggesting that 
NKT cells exacerbated disease in this setting by skewing toward a Th2 
response. Whether this disparity is a result of the mouse strain, which 
can significantly influence Th1/Th2 balances, is an issue which remains 
to be addressed. 
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outcome in various settings.

Viral Pathogenesis
NKT cells are known to have strong anti-viral activity including 

direct cytotoxicity [40-42]. In fact, the course of infection with several 
viruses, including herpes simplex virus (HSV)-1, HSV-2, coxsackievirus 
B3, lymphocytic choriomeningitis virus, respiratory syncytial virus 
is altered in mice which lack NKT cells [43-49]. Some viruses, such 
as HSV, HIV and vaccinia virus, are known to alter CD1d-mediated 
antigen processing and presentation to NKT cells [41,50-54]. Using a 
mouse cytomegalovirus (MCMV) infection model, Reilly et al. showed 
that activation of NKT cells by administration of α-GalCer leads to 
reduced viral titers and increased CD8+ memory T cells. This study 
showed that the activation of NKT cells boosted protective immunity 
to MCMV in mice [55]. Several research groups have reported that 
Human Immunodeficiency Virus (HIV) infection is associated with 
reduced numbers of Vα24Vβ11 NKT cells in human patients [56-58]. 
The depletion rate of NKT cells is higher than conventional CD4+ T 
cells, implicating a possible viral immune evasion strategy directed 
specifically toward NKT cells. NKT cells have also been found to be 
functionally impaired, with elevated PD-1 expression during chronic 
HIV-1 infection [59]. Many efforts have been directed towards 
improving vaccines against HIV by including α-GalCer to activate NKT 
cells. Prominent among these is the work published by Courtney et al. 
showing that an HIV vaccine based on peptides from the HIV envelope 
protein gp120, along with α-GalCer as an adjuvant could elicit potent 
immune responses after mucosal delivery [60]. Huang et al. reported 
improved immunogenicity after co-administration of α-GalCer with 
a DNA vaccine (pADVAX) encoding the Env and Gag proteins of 
HIV-1 [61]. It was found that α-GalCer-mediated activation of NKT 
cells improved epitope-specific IFN-γ responses as compared to the 
vaccine alone. Moreover, the inclusion of α-GalCer also had a dose-
sparing effect on the DNA vaccine. The activation of NKT cells has also 
been shown to be important in influenza infection. When compared 
to wild type controls, CD1d-/- mice are known to have a lower survival 
rate after influenza virus infection [62]. This effect was attributed to 
the production of IFN-γ by NKT cells which is important for NK cell 
activation and also for CD8+ T cell responses. IL-22, an inflammatory 
cytokine important for clearance of bacterial infections, is also thought 
to be involved in the protective effect of NKT cell activation towards 
influenza A infection [63]. The inclusion of NKT cell activating ligand 
α-GalCer in an influenza A vaccine, A/PR/8/34 (PR8) led to increased 
IgG and IgA titers [64]. Similarly, pretreatment with formalin-
inactivated PR8 influenza virus in combination with α-GalCer resulted 
in lower viral titers in infected mice and higher PR8 specific antibody 
titers [65]. Thus, NKT cells are known to play an important role in 
anti-viral immunity, a fact which is being actively exploited by using 
NKT cell activating ligands to improve the immunogenicity of vaccines 
against viral pathogens.

Tumor Immunotherapy

There is a significant reduction in NKT cell number and function 
in cancer patients, independent of tumor type or load [66]. NKT cells 
can mediate direct cytotoxic responses to malignant cells and also 
modulate anti-tumor immunity by the secretion of various cytokines. 
An important role for NKT cells in anti-tumor immunity has been 
well-established and is currently being studied by many research 
groups [67]. In fact, some of the earliest work in this field involved the 
administration of α-GalCer to mice bearing lung-metastasized B16 
melanoma [68,69]. Mice treated with α-GalCer were found to have 

strikingly reduced tumor burden as compared to untreated controls. 
This effect is attributed to the induction of a strong Th1 response; in 
fact administration of a more Th1 biased analog- α-C-GalCer, led to 
even lower tumor burden [70]. Giaccone et al. carried out a phase I trial 
of direct intravenous injection of α-GalCer in patients with advanced 
cancer in the Netherlands and showed that it was well-tolerated, with 
no detectable dose-limiting toxicity [71]. Although no objective clinical 
effects were observed, the authors reported increased serum GM-CSF 
and TNF-α only in patients with a detectable population of circulating 
NKT cells. Notably, in clinical trials, the effectiveness of α-GalCer in 
the treatment of tumors has been limited [71]. This is perhaps because 
systemic injection of α-GalCer can cause anergy in NKT cells, at least 
in mice [72-74]. 

The development of anti-tumor vaccines has been underway 
for a long time, but their effectiveness has been limited by poor 
immunogenicity necessitating high vaccine doses and repeated 
boosting regimens. Recent research has therefore focused on the use 
of α-GalCer to improve the immunogenicity of these vaccines through 
the activation of NKT cells. Tumor-specific antigens, such as Hepatitis 
B surface Antigen (HBsAg) loaded on DCs and adjuvanted with 
α-GalCer have been shown to cause rapid remission of hepatocellular 
carcinoma in mice [75]. In situations where tumor-specific antigens 
remain elusive, autologous tumor-restricted antigens must be used 
to elicit an immune response. Chung et al. reported that treatment 
of tumor-bearing mice with lymphoma cells (A20) pulsed with 
α-GalCer enhanced T cell responses [76]. Other types of APCs are 
also now being studied since the use of α-GalCer provides promise in 
improving the immunogenicity and effectiveness of these anti-tumor 
vaccines. Therefore, the limited therapeutic efficacy of direct α-GalCer 
administration has led to the development of alternative approaches 
including targeting antigen-presenting cells, such as dendritic cells, to 
enhance the activation of NKT cells.

Dendritic cells (DCs) are the most potent subset of antigen 
presenting cells. The potential to generate DCs from precursors ex vivo 
under good manufacturing practice (GMP) conditions permits their 
use for adoptive immunotherapy in the clinic. Due to the finding that 
mature DCs were more potent than immature DCs for the activation 
of human NKT cells in vitro [77,78], Chang et al. completed a more 
promising phase I trial by injection of α-GalCer-pulsed mature DCs 
in patients with advanced cancer to test the safety and tolerability [79]. 
The injections were well-tolerated in all patients, with more than a 100 
fold expansion of several subsets of NKT cells even in patients with 
nearly undetectable levels of NKT cells. Importantly, NKT activation 
mediated by DCs was sustained, and lasted several months. All of the 
results showed that administration of α-GalCer-pulsed mature DCs is 
superior to immature DCs or α-GalCer alone.

Uchida et al. [80], carried out another clinical trial to test the 
immunological, safety and clinical responses for the submucosal 
injection of α-GalCer-pulsed DCs in patients with head and neck 
squamous cell carcinoma. They chose a unique injection route, i.e. 
nasal submucosa and found that a relatively smaller number of DCs 
were able to induce significant immune responses. Notably, the authors 
found increased iNKT numbers in the peripheral blood compared 
to intravenous injection. In addition, positive clinical responses 
and tumor regression without severe side effects were observed for 
the first time [81]. An exploratory study protocol designed with the 
preoperative administration of α-GalCer-pulsed APCs to treat lung 
cancer and head and neck cancer patients was carried out by the same 
group and a significant increase in iNKT cell numbers in the tumor 
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microenvironment and augmented IFN-γ production by the α-GalCer-
stimulated (tumor infiltrating lymphocytes) TILs were observed [82]. 
Barral et al. sought to examine the impact of targeting iNKT cell help to 
antigen-specific B cells during the development of an immune response 
[83]. In order to achieve specificity in antigen uptake by B cells, silica 
beads were coated with liposomes containing 1,2-dioleoyl-sn-glycero-
3-phosphocholine (DOPC) and biotinyl-phosphatidylethanolamine 
(PE-biotin) in the presence of α-GalCer. It found that uptake of CD1d-
restricted antigens by B cells is a tightly-regulated, effective means of 
enhancing iNKT-dependent B cell responses in vivo. Subsequently, 
iNKT cells provide the help required for stimulating B cell proliferation 
and differentiation. Similarly, Bosma et al. recently demonstrated that 
B cells are essential for iNKT cell expansion and activation in healthy 

The activation of iNKT cells by potent agonists, such as α-GalCer, 
results in antitumor responses which is, primarily due to the subsequent 
activation of NK cells and their production of IFN-γ. Importantly, 
NKT cells have been shown to directly mediate lysis of some 
myelomonocytic leukemia cells, as well as CD1d-transfected tumor 
cell lines both in vitro and in vivo [85-89]. However, the mechanism 
by which iNKT cells distinguish CD1d expression on malignant cells 
from CD1d expression on normal cells remains elusive. It is possible 
that malignant transformation alters the repertoire of lipid antigens 
presented by CD1d, but this has not been demonstrated. However, it 
has been shown that tumors can shed immunosuppressive lipids; which 
inhibit CD1d-mediated NKT cell responses [90-92]. In addition, DC-
mediated cross presentation of tumor antigens has been implicated in 
NKT cell-mediated anti-tumor responses [93,94]. Conversely, it has 
been proposed that NKT cells may not directly target tumors in vivo, 
but may control CD1d-expressing tumor-associated macrophages, via 
blocking these cells from promoting angiogenesis [67]. 

iNKT cells have been reported to play a protective role in many 
tumor models, including the methylcholanthrene (MCA)-induced 
fibrosarcomas, in p53 deficiency and in the transgenic adenocarcinoma 
of the mouse prostate (TRAMP) prostate cancer model, by comparing 
Jα18-deficient (which specifically lack iNKT cells) and CD1d-deficient 
mice (which lack both type I and type II NKT cells) to wild type control 
mice [95-98]. In mice, tissue specific differences have been described 
for NKT-mediated anti-tumor responses. Specifically, it was found 
that liver NKT cells were more important for anti-tumor responses, 
compared to NKT cells isolated from the thymus and spleen [99]. 
In contrast to type I NKT cells, type II NKT cells have been shown 
to suppress the tumor immune surveillance provided by iNKT cells, 
which may help explain the paradox in the role of CD1d-restricted T 
cells in the regulation of tumor immunity [86,100].

Adoptive immunotherapy involves stimulation of tumor specific T 
cells, ex vivo, followed by transfer of expanded numbers of activated 
autologous T cells back into patients. Vα24+ NKT cells can be expanded 
by repeated stimulation of peripheral blood mononuclear cells with 
α-GalCer in vitro, even when the frequency of circulating NKT cells is 
very low. Importantly, these cells retain their original phenotype, produce 
cytokines, and display cytotoxic function against tumor cell lines, and 
therefore can be used for adoptive immunotherapy. Motohashi et al. 
[101] performed an adoptive transfer of in vitro activated NKT cells 
in patients with lung cancer that was refractory to standard treatment 
regimens. After two infusions of α-GalCer-expanded enriched iNKT 
cells, the frequency of circulating NKT cells was increased in two 
out of three patients. More specifically, an augmentation of IFN-γ 
producing cells in PBMCs was detected, with most of them showing 

an NK phenotype CD3-CD56+. Therefore, in vitro α-GalCer-activated 
NKT cells can be used to further stimulate NK cells to produce IFN-γ, 
which has been critically linked to anti-tumor immune responses in 
preclinical studies. Kunii et al. [102] carried out another clinical trial 
in combination with the intra-arterial infusion of activated Vα24 NKT 
cells and the submucosal injection of α−GalCer-pulsed APC. This 
strategy has been shown to induce significant antitumor immunity and 
had beneficial clinical effects in the management of advanced head and 
neck squamous cell carcinomas (HNSCC). However, these regimens 
still need to be refined because of the high variability of NKT cell 
frequency in humans, and new structural analogues may be found to 
selectively activate different NKT cell subsets.

NKT Cells in Dermatology

Autoimmunity

NKT cells are important regulatory lymphocytes that have been 
reported to suppress cell-mediated autoimmunity. Conversely, aberrant 
activation of NKT cells has also been linked to the development of 
autoimmunity [2]. Defects in NKT cells have been correlated with 
increased incidence of autoimmune diseases such as type I diabetes, 
multiple sclerosis, systemic lupus erythematous, rheumatoid arthritis 
[111,112]. The most controversial association between NKT cell defects 
and autoimmune diseases has been reported for type I diabetes. For 
example, NKT cell frequency and cytokine production are defective in 
NOD mice [113], and adoptive transfer of NKT cells or over-expression 
of NKT cell TCR can reverse established diabetes [114-116]. Moreover, 
over-expression of CD1d or stimulation of NKT cells with α-GalCer 
prevents the development of diabetes in NOD mice [113,117]. Similar 
phenomenon, such as decreased circulating NKT cell frequency, 
decreased IFN-γ and IL-4 production have been reported in humans 
with diabetes[118], but these alterations may be restricted to particular 
NKT cell subsets [119]. 

donors but fail to exert a similar effect in SLE patients [
 NKT cells have been shown to play an active role in skin diseases, 

such as contact sensitivity.  They have also been implicated in UV-
induced immunosuppression and psoriasis [103,104]. Langerhans 
cells have been shown to activate NKT cells during UV damage. Once 
activated by Langerhans cells, the NKT cells are capable of producing 
IL-4 and are immunosuppressive [105,106]. Another study has shown 
the immunosuppressive characteristics of NKT cells in skin cancer 
models [107]. Dendritic cells are known to play a role in contact 
hypersensitivity (CHS), a well-studied form of T cell mediated immunity. 
CD1d-restricted NKT cells were also shown to be an important part of 
this process as CD1d knockout mice as well as wild type mice treated 
with NKT antagonists showed a marked reduction in CHS responses 
[108]. Correspondingly, NKT are important mediators of contact 
sensitivity (CS) through secretion of IL-4 and downstream activation of 
B-1 cells [109]. A recent study of the phenotype and function of naïve 
and memory CD4+ and CD8+ T cells, as well as regulatory T cells and 
NKT cells in non-segmental vitiligo (NSV), which results from the 
autoimmune destruction of melanocytes [110]. It was found that the 
percentage of circulating NKT cells was significantly reduced in their 
cohort of 43 NSV patients, compared to matched-healthy volunteers, 
suggesting a role for NKT cells in controlling the pathogenesis of this 
disease. Taken together these studies suggest that over expression of 
CD1d in the skin can lead to aberrant NKT cell activation, resulting 
in disease. Thus, the development of topical agents which can locally 
suppress their function may be an advantageous therapeutic strategy. 
However, the reduction of NKT cells in the peripheral blood of patients 
with autoimmune diseases, such as NSV, suggests that NKT cells play an 
important role in the context of immunoregulation, as discussed below. 
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Several groups have investigated the possibility of activating NKT 
cells in order to alleviate type I diabetes in NOD mice. Results show 
that repeated injection of α-GalCer can consistently protect against 
the development of diabetes, even in mice with significant insulitis 
[113,120]. The protection was associated with a shift in cytokine profile 
of islet-specific T cell responses from Th1 to Th2 bias [113,121]. Another 
group showed an important role of CD4+CD25+FoxP3+ regulatory T 
cells in the capacity of α-GalCer to protect NOD mice against diabetes 
[122]. Overall, these studies demonstrated that NKT cells play a key role 
in protection against diabetes in NOD mice through multiple pathways. 

NKT Cells in Inflammation

NKT cells have been implicated in a number of inflammatory 
processes including eosinophilic esophagitis [123], asthma [124], 
peritonitis [125], liver and adipose tissue inflammation [126]. However, 
it should be noted that the absolute relationship between NKT cells and 
inflammation is not completely clear because as has been reported for 
autoimmunity, NKT cells are sometimes involved in the reduction of 
inflammation [127]. The molecular mechanisms involved in NKT cell-
mediated inflammation are still unclear. In models of esophagitis, it is 
clear that IL-15 is important for both NKT cell survival and proliferation. 
In fact, transcripts of this cytokine are found in high quantities in the 
esophagus [123]. Due to their unique ability to produce both Th1 and 
Th2 cytokines, NKT cells are well-suited to regulate inflammatory 
responses. 

NKT cells are known to be stimulated by excess dietary lipids in 
an obese mouse model [128]. This NKT cell stimulation is responsible 
for an increase in proinflammatory cytokine production. Further 
downstream, other leukocytes are eventually biased towards an 
inflammatory cytokine profile and perpetuate this response. This effect 
was not seen in mice where the NKT cell population had been deleted. 
Additionally, the administration of synthetic lipid antigens which bind 
to CD1d molecules resulted in increased lung inflammation and airway 
hyper reactivity in mice [127].

Transplant Immunology

While some studies suggest that NKT cells play a role in the 
immune response to transplants, it is not clear whether NKT cells 
directly recognize alloantigens in the context of CD1d molecules or 
if they are activated during transplantation by the cytokine milieu 
generated by non-specific inflammation. In addition, the presentation 
of iGb3, or other yet to be identified glycolipids, following tissue 
damage may promote CD1d-dependent activation of NKT cells. 
Therefore, NKT cells may promote rejection or tolerance depending on 
their response to these antigens. In rat models of liver transplantation, 
animals treated with α-GalCer showed much higher allograft survival 
compared to control, saline-treated animals. Th2 associated IL-10 
cytokine production was much higher in α-GalCer treated animals 
versus control while the induction of IFN-γ was much lower as assessed 
by RT-PCR and ELISA [129]. CD4+ NKT cells also play an essential 
role in pancreatic islet xenotransplantation [130]. IFN-γ appears to 
play a major role in the immunosuppressive abilities of NKT cells in 
cardiac allograft models in mice, as IFN-γ knockout mice have much 
shorter transplant tolerance time [131]. NKT cells have been shown 
to promote transplant tolerance in combined heart and bone marrow 
recipients through their induction of IL-10 production by Tregs [132]. 
This IL-10 mechanism of transplant tolerance has been shown to be 
important in the prevention of graft-versus-host disease (GVHD) 
[133,134]. Programmed death (PD)-1 expression in the process is 
upregulated on Tregs as well as classic CD4+ and CD8+ T cells following 

NKT cell production of IL-4. Lan et al. developed a non myeloablative 
host conditioning regimen in a mouse model of MHC-mismatched 
bone marrow transplantation able to reduce radiation toxicity, as 
well as afford protection against GVHD. It was demonstrated that 
protection was due to NK1.1+ and DX5+ asialo-GM1+ T cells derived 
from either donors or hosts conditioned with lymphoid irradiation 
is dependent on their secretion of high levels of IL-4 [135]. Similarly, 
Zeng et al. reported a specific role for IL-4 production by NKT cells 
in mediating protection from GVHD [136]. Specifically, it was found 
that bone marrow derived NK1.1+ T cells obtained from IL-4-/- rather 
than wild-type C57BL/6 donors not only failed to prevent GVHD but 
actually increased its severity. In some cases, NKT cells may play a role 
in increased inflammation and graft rejection. It has been reported that 
human lung transplant recipients can have a six-fold increase in their 
NKT population post-transplant compared to healthy donors [137]. A 
negative correlation between IL-17A producing NKT cells and time-
post transplant was seen in this same study indicating a link between 
NKT cell population and early rejection. There is a spectrum of NKT cell 
agonists reported in the literature but there are three well-characterized 
glycolipid antigens routinely used to modulate NKT cell function: 
α-GalCer-induces both Th1 and Th2 cytokines [138], C-GalCer-Th1 
bias [139], and OCH, a sphingosine truncated derivative of alpha-
galactosylceramide, -Th2 bias [140]. These molecular tools have been 
used to improve outcomes in models of transplantation. OCH, in 
conjunction with the immunosuppressant rapamycin, demonstrated 
improved survival in murine models of heart transplantation [141]. 
This increase in survival was correlated with increased levels of IL-4, 
IL-10 and IL-13; all part of a Th2 phenotype. Th1 cytokines derived from 
NKT cells stimulated by α-GalCer seem to promote poor outcomes in 
GVHD models in mice [142].

Summary
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