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Abstract: Invariant Natural killer T cell (iNKT cells) are a subset of T cells, which are
narrowly defined as a T cell lineage expressing a semi-invariant CD1d-restricted T cell
Receptors (TCRs) composed by Va24-Jal8/VB11 in human, and Val4-Jal8/VBS8,VB7,
and VP2 in mouse. Unlike conventional T cells which recognize peptides bound to highly
polymorphic major histocompatibility complex (MHC) class I and II molecules, iNKT
cells recognize lipid antigens, such as glycolipids, presented by CD1d, a non-polymorphic
non-classical MHC class I molecule. Lipids derived from microbes, tumors, and allergens,
as well as self lipids have been shown to be able to activate iNKT cells. Early on, in an
immune response, ligation of the iNKT cell TCR leads to rapid and copious secretion of
prototypical Thl and Th2 cytokines. Moreover, like NK cells, iNKT cells express
cytotoxic granules, such as perforin and granzyme that polarize upon activation of TCR
and are able to kill target cells. Therefore iNKT cells are a very interesting subset of T cells
that may bridge the innate and adaptive immune systems. Indeed, iNKT cells can mount
specific responses to antigen with cytokine production and cytotoxic activity, however,
their TCR evolved to recognize different glycolipid antigens in a conserved manner and to
perform innate-like rather than adaptive functions. iNKT cells are now recognized as
important players in atopic, autoimmune, infectious diseases, and cancer.

Keywords: invariant Natural killer cells; iNKT cells; immunology; cytokines; lipids;
sphingolipids; CD1D; allergy; autoimmunity; infectious diseases; cancer




Antibodies 2014, 3 17

1. Introduction

Recent studies have shown that a subset of T cells responsive to lipid may play a central role in
regulating human immune responses. These cells, known as Natural killer T cell (NKT cells), are a
subset of T cells, which are narrowly defined as a T cell lineage expressing NK lineage receptors (i.e.,
NK1.1, Ly-49) in addition to semi-invariant CD1d-restricted aff T cells receptors (TCRs). In mice,
more than 80% of these NKTs have TCRs that express Val4-Jal18/VB8, VB7, and VB2, and they are
called invariant NKT (iNKT cells) or Type I NKT cells. They all recognize a marine sponge derived
glycolipid called a-galactosylceramide (aGalCer) [1]. The remaining 20% of NKT cells express a
collection of rare but recurrent Va3.2-Ja9/VB8, Va8/VB8, and other TCRs, and are called Type II
NKT cells [1]. The best known and more studied NKTs are the iNKT cells (Type I NKT cells). In
human iNKT cells express Va24-Jal18/VB11 and are also the most extensively studied type. However,
recent studied have showed that iNKT cells may not represent the majority of CD1d reactive cells in
humans [2,3]. Given that Type II NKT cells seem to have similar characteristics to type I, in terms of
cytokine secretion and function, but are for the most part poorly characterized in term of frequency,
specific ligands, and role in many diseases, the present review will focus on iNKT cells (type I NKT cells).

Unlike conventional T cells, which recognize peptides bound to highly polymorphic major
histocompatibility complex (MHC) class I and II molecules, iNKT cells recognize lipid antigens
presented by CD1d, a non-polymorphic non-classical MHC class I molecule [1].

Early on, in an immune response, ligation of the iNKT cell TCR leads to rapid and copious
secretion of prototypical Thl and Th2 cytokines [1,4].

Moreover like NK cells, iNKT cells express cytotoxic granules such as perforin and granzyme that
polarize upon activation of TCR and are able to kill target cells such as APCs or T reg [5,6].

Therefore, iINKT cells are a very interesting subset of T cells that may bridge the innate and
adaptive immune systems. Indeed, iNKT cells can mount specific responses to antigen with cytokine
production and cytotoxic activity however their TCR evolved to recognize different glycolipid
antigens in a conserved manner and to perform innate-like rather than adaptive functions [1,7].

2. INKT Cell-TCR

Like any T cell TCR, the a- and pB-chains that compose the iNKT cells TCR, are each subdivided
into a variable (V) domain and a constant (C) domain. The a-chains V domains are encoded by
V (TRAV) and joining (J; TRAJ) gene segments, whereas B-chain V domains are encoded by V
(TRBY), diversity (D; TRBD), and J (TRBJ) genes. Crystallographic studies of the Va24-VB11 NKT
TCR-aGalCer—CD1d have shown that NKT TCR is relatively rigid when it is bound to aGalCer—CD1d,
and that such interaction is almost identical to the one observed between the mouse type [ Va14—V[8.2
NKT TCR and aGalCer—CD1d [8]. These characteristics reveal that the iNKT cell TCR functions like
a pattern-recognition receptor (i.e., an innate-like, germline-encoded receptor that interacts in a
conserved manner with its ligands) [8].

However the afV domains have three complementarity-determining regions (CDRs) that form the
antigen-binding site of the TCR. The CDR1 and CDR2 loops are very conserved as they are
germline-encoded by the variable (V) a and B genes, on the other hand, the CDR3b region includes
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VB-DB-JB joints, where the various combinations of V, D, and J gene segments and random non-templated
alterations at the V(D)J gene junctional boundaries create the greatest diversity within the CDR3 loops [9].

TCR a-chain elements contribute to a-linked glycosphingolipid specificity, whereas TCR B-chains
confer heterogeneous additional reactivities. The variations in TCR B-chain usage modulate TCR
affinity, which indirectly contributes to the preferential recognition of some antigens [9,10]. Indeed,
the CDR1 and 3 on the a-chain appear to bind the glycolipid antigen. On the other hand, V11 CDR3f
has been shown to be dispensable for aGalCer recognition [8,9,11-13]. Hence, is logical to infer that
CDR3p sequences in iNKT cells could mediate iNKT cells subset specificity for different CD1d-
antigens [14].

3.CD1d

INKT cells recognize lipid antigens presented by CD1d, a non-polymorphic non-classical MHC
class I molecule. CD1 molecules are b2-microglobulin-associated surface glycoproteins that bear
significant structural similarity to MHC class I molecules [15]. In humans, the CD1 family consists of
five members, designated CD1a, CD1b, CDlc, CD1d, and CDle. Based on homology relationships
and the details of their expression and function, CDla, -b, -c, and -e are classified as group 1 CDI1
molecules [1,16].

CD1d composes a separate group, and is the only member of the group 2 CDI molecules [17].
Both, group 1 and group 2 CD1 molecules, are lipid-binding proteins that are expressed on specialized
antigen-presenting cells (APC), including dendritic cells (DCs,) where they perform the role of
presenting foreign and self-lipids and glycolipids to T cells. In marked contrast to the highly
polymorphic MHC-encoded protein antigen-presenting molecules, CD1 proteins show extremely
limited polymorphism between individuals of a given species [18].

The group 1 CD1 molecules have been characterized most extensively in humans and have been
demonstrated to present microbial lipid antigens and certain self-lipids to a diverse group of T cells [19].

Group 2 CDI1 molecules (i.e., CD1d) have been identified in mice and humans as the critical
antigen-presenting molecule that controls the development and function of iNKT cells [17,19].

4. iNKT Cell Development

INKT cells and CD1d are conserved thought the evolution; hence they are very similar in mice and
humans. In mouse, they represent ~0.5%—1% of the T cell population in the thymus, blood and
peripheral lymph nodes, ~2.5% of T cells in the spleen, mesenteric, and pancreatic lymph nodes, and
up to 30% of T cells in the liver. In humans, iNKT cells appear to be overall ~10-times less frequent,
although the tissue distribution is less well-studied than in mice and it is largely unknown [1,20].

However, both in human and mice, the peripheral blood iNKT cell levels vary considerably
between subjects, ranging from 0.01% (considered the lowest detectable level) to up to nearly 1% in
humans [1,20]. Such a variability in numbers of circulating NKT is still unexplained, but it appears to
be to be a stable phenotype tightly controlled at the genetic levels [1,20]. Moreover recent data suggest
that there are some sex-based differences in iNKT cells, probably due to the effects of sex hormones
on these cells. Indeed higher numbers are more commonly observed in women [21] and iNKT cells in
female mice produce higher levels of IFN-y than in their male counterpart, due to their higher estradiol
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levels [22]. It is not known if this observed sex bias is due to the fact that an X-linked gene controls
iNKT cell development [21]. Indeed iNKT cell development happens in thymus in both mice and
humans [23,24]; depends on thymocyte—thymocyte interactions; requires the presence of Src kinase
Fyn [25,26] and the adaptor protein named signaling lymphocytic activation molecule (SLAM)-associated
protein (SAP) [27-29]. SAP binds to the SLAM family receptors, to which it recruits Fyn, thus,
induces SLAM phosphorylation and activation of downstream phosphotyrosine signaling [30]. Even if
SAP is present in both T cell and iNKT cells, Nichols et al. [27] showed that SAP expression is
essential for iNKT- but not T- cell development.

For a normal development iNKT cells also require GATA3 and T-bet transcription factors, but not
NF-kB [31]. Indeed, GATA3 by inducing Thpok expression is necessary to maintain CD4 and
terminate CD8 expression [32,33]. If TCR signaling is a prerequisite for early stage development, IL-15
signaling is essential for expansion and maturation at later stages, as it regulates T-bet and T-bet
dependent factors (such as IFN-y, granzyme A and C) expression [34]. Finally, TNF receptor associated
factor 3 (TRAF3) plays a critical role in the transition between the TCR- and IL-15- dependent
developmental stages. Indeed, TRAF3-deficient iNKT cells in CD4(Cre)TRAF3(flox/flox)
(T-TRAF3(—/—)) mice exhibit defective up-regulation of T-bet and CD122, two critical molecules for
IL-15 signaling [35].

5. Lipid Antigens Able to Activate NKT Cells

iINKT cells have been shown to play a role in many diseases such as microbial infection,
autoimmune disease, allergic disease, and cancer [24,36—46]. iNKT cells are activated by foreign and
self antigen lipids [47]. The best-characterized molecules that appear to be able to stimulate iNKTcells
are glycolipids (GL), which can have a ceramide (glycosphingolipids) or a diacil glycerol (DAG)
backbone (glycosyl diacylglycerolipids). More recently some other lipids, such as sphingolipids (SL)
have been shown to be weak activator of NKT cells [24,48].

All mouse Val4 and human Vo24 iNKT cells recognize the marine sponge—derived aGalCer [49],
a a-branched galactosylceramide, which was slightly modified to achieve optimal efficacy to develop
the compound known as KRN7000. aGalCer is a specific and potent lipid antigen and was firstly
described, in 1997, by Kawano et al. [49,50]. The crystal structure of human CD1d in complex with
synthetic aGalCer shows the lipid nestled tightly in the CD1d binding groove [13,51,52]. iNKT cells
are capable of recognizing both the group head and the length of the lipid antigens, ensuring specificity
of antigen recognition [11,53,54]. The affinity of interaction between CD1d-aGalCer and the mouse
Val4Vb8.2 TCR is one of the highest ever recorded for natural TCR/ligand pairs with a Kd ~10 nM,
due to the fact that the ligand has a slow off rate combinations, even if it may be 10 times less strong in
humans [8,51]. aGalCer has been a precious tool to study iNKTcells and has provided evidences that
the semi-invariant TCRs of iNKT cells has evolved to recognize a-anomeric glycosphingolipids with
high affinity. Indeed more than 95% of cloned mouse and human iINKT cells recognize aGalCer,
irrespective of their variable CDR3 B sequence, with a high degree of conservation among species.
Thus, it is not surprising that the mouse CD1d- aGalCer tetramers stain human and nonhuman primate
INKT cells.
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In the last decade there has been extensive research to find lipids present in the humans or microbes
able to stimulate iNKT cells.

Members of a-proteobacteria, such as sphingomonas, have been shown to express
glycosphingolipids closely related to aGalCer. Those glycolipids substitute for lipopolysaccharide
(LPS) in their cell wall, as sphingomonas do not produce LPS [52]. Such glycolipids have only one
sugar, a galacturonic acid (GalA), or a glucuronic acid (GlcA) a-anomerically linked to the ceramide
backbone GSLs and they are able to activate iNKT cells with a strength similar to the aGalCer [55].
Not surprisingly, iNKTcells have been shown to be essential in clearing sphingomonas infections.
Other glycolipids (i.e., B. burgdorferi glycolipid-II (BbGL-II), glucosyl-diacylglycerol (Glc-DAG)),
able to activate iINKT cells have been isolated from the spirochete Borrelia burgdorferi and
S. pneumonia [56,57].

Many other bacteria produce glycolipids and some have shown a limited capacity to activate iNKT
cells. For example, phosphatidylinositol mannosides (PIMs), from Mycobacterium bovis, bacillus
Calmette—Guerin, lipophosphoglycan from Leishmania donovani, a cholesterol-containing glycolipid
from Helicobacter pylori, and an antigen from Chlamydia muridarum were reported to activate iNKT
cells [58—62]. Most of the above mentioned compounds however only activate a minority of the iNKT
cells and are considered weak ligands.

Other weak ligands of iNKT cells have been identified in food allergens. Some of those ligands SL
and are found in many foods, including milk, soy, and egg [63—-65]. It is estimated the average
individual consumes approximately 0.3 to 0.4 grams of SL every day [63]. Interestingly, the foods
richest in SL (i.e., dairy products, soybeans and egg) are the most common triggers of early food
allergy in children [66]. SLs, present in food, include sphingomyelin, ceramides and some
glycosphingolipids. Dietary SLs are not thought to contribute much to the daily energy needs of
humans, nor do they appear to be “essential” nutrients, although this has not yet been explored in the
context of disease. Nonetheless, given their biological activities, SLs can be categorized as “functional”
components of food. Food-SL inhibit colorectal cancer and in mice, they increase both Thl- and
Th2-cytokine secretion in the small intestine by a mechanism that has not yet been clarified [63,67].

Two different independent groups have demonstrated that milk has lipids that are able to activate
NKT cells. Jyonouchy et al. [24,40] demonstrated that iNKT cells could be activated by a mix of milk
derived sphingomyelin, which had phosphocholine residue at the 1-OH-position and different tail
length with the main component being C23:0 and the remainder C16:0, C18:0, C20:0, C20:4, C22:0,
C24:0, C24:1. Brennan et al. [47] showed instead that a milk-derived glucopyranosylceramide
(B-GlcCer) was an iNKT cell activator. Interestingly, the same authors found that B-GlcCer was also a
self antigen in mouse and human and, was a potent iNKT cell stimulator. Its activity depended on the
composition of the N-acyl chain and accumulated during infection and in response to Toll-like receptor
agonists, contributing to iNKT cell activation. The author speculated that that recognition of B-GlcCer
could translate innate danger signals into iNKT cell activation. The authors also demonstrated that
glycolipids attached to the lipid moiety by a B-anomeric linkage rather than the a-anomeric linkage
found in a-GSLs could still activate NKT cells. This is an important discovery to understand how self
lipid can activate iNKT cells in animals. Indeed mammalian cells are thought not to produce a-GSLs.

Finally, iNKT cells have been shown also to release large amount of IFN-y when activated by a
combination of self-antigen recognition and IL-12 from antigen-presenting cells (APCs), induced [68].
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Production of IL-12 by APCs was induced through recognition of fungal cell wall B-1,3 glucans by
Dectin-1, a C-type lectin receptor that binds this glycan [68].

6. INKT Cell Derived Cytokines

Early on, in an immune response, ligation of the iNKT cell TCR leads to rapid and copious
secretion of prototypical Thl and Th2 cytokines, such as IFN-y and IL-4, and in some cases, GM-CSF,
IL-10, IL-13, TGF-B, to cite a few [1,69]. Similar to conventional T cells, the cytokine profile of
iNKTcells in some diseases or mouse models is polarized to a Thl or Th2 pattern [70]. iNKT cells
appear to be an important source of Th2 cytokines [7]. Interestingly, co-administration of exogenous
protein antigen with aGalCer, results in an increase in Th2-cell-associated sensitization of mice to
these antigens [71]. Similarly, activation of iNKT cells in vivo with aGal or other glycolipid antigens
results in a rapid increase in total serum IgE [72]. In addition, Val4—Jal8-transgenic mice, which
express more iINKT cells than wild-type mice, have higher serum concentrations of the Th2-cell-
associated immunoglobulins IgG1 and IgE [73]. Together these data suggest that iNKT cells, when
appropriately stimulated, favor a Th2 response, IgE production and subsequent sensitization. In
particular, iNKT cells Th-2 polarization appears to play a critical role in the development of asthma as
adoptive transfer experiments show that the production of IL-4 and IL-13 by iNKT cells is at least one
component of their essential role in promoting airways hyper reactivity (AHR) [74] and severe
persistent asthma [75]. INKT cells polarized to produce IL-4 in some animal model appear to be able
to control autoimmune diabetes and Experimental Autoimmune Encephalomyelitis (EAE) [76-78]. On
the other hand, iNKT cells Th1 polarization appears to be important for cancer surveillance [70].

Finally, iNKT cells, expecially those expressing foxp3 [79], may have some direct regulatory
properties. Indeed, peripheral and cord blood iNKT cells pretreated with TGF- and rapamycin
expressed Foxp3, and were able to suppress the proliferation of conventional autologous and
heterologous CD4+ T cells, in a cell contact-dependent and antigen-independent manner [80].
Moreover, iNKT cells may promote T reg development. Indeed in a mouse model iNKT cells were
found to play an indispensable role in oral tolerance by inducing T reg, and clonally deleting antigen-
specific CD4+ T cells [81].

Despite the well characterized ability of iNKT cells to produce high levels of both Thl and Th2
cytokines, little is known about how iNKT cells control the transcription of Th1/Th2 cytokines. Some
recent studies showed that CD4+ iNKT cells are highly enriched for Th2 cytokine expression
compared with CD4-iNKT cells and NFAT2 appeared to be important for IL-4 iNKT cell expression,
whereas GATA3 and Stat6 appeared to play a marginal role in suggesting that GATA-3, and Stat6
have surprisingly different roles in iNKT cells than in conventional T cells [82]. On the other hand,
mice studies have shown that GATA3 may be important in IL-4 production from iNKT cells. Indeed in
sap deficient mice iNKT cells did not produce significant levels of IL-4 or IFN-y. The reduction in
cytokine production correlated with the near absence of GATA-3 and T-bet, but ectopic expression of
GATA-3 partially restored IL-4 production by the iNKT cells [31].
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7. INKT Cell Cytotoxicity

Like NK cells, iNKT cells express cytotoxic granules such as perforin and granzyme that polarize
upon activation of TCR and are able to kill target cells such as activated, infected, and malignant
cells [5,6]. Moreover, iNKT cell cytotoxicity increases local inflammation, is involved in anti-tumor
defense and may promote the immune-disregulation by killing T reg cells [6,7,41,83,84]. In some
infections, such as Leishmania, their cytotoxicity may be essential to fight the infection. Indeed
dendritic cells infected with L. infantum up-regulate CD1d cell surface expression and consequently
can be efficiently recognized and killed by iNKT cells [85]. Interestingly, such cytotoxicity is increased
by IL-4 in an autocrine fashion [83]. Das, R., et al. recently demonstrated that immunological synapse
formation and TCR mediated cytotoxicity depends on SAP [86].

8. iNKT Cells Role in Disease

Several studies have been published on the role of iNKT cells in infectious diseases, cancer, allergy,
and autoimmunity.

8.1. iNKT Cells in Allergic Diseases

In a mouse model of oral tolerance to ovalbumin (OVA), iNKT cells were found to play an
indispensable role in oral tolerance by inducing regulatory T cells, and clonally deleting antigen-
specific CD4+ T cells [81]. On the other hand, in a mouse model of eczema, iNKT cells appeared
irrelevant [87].

Although iNKT cells are not required for the induction of TH2-cell-associated immune responses,
they have been shown to influence TH2-cell-biased responses as they are an important source of Th2
cytokines [7]. Indeed, investigators have found that co-administration of exogenous protein antigen
with a-GalCer, which specifically activates iNKT cells and can induce the production of both IL-4 and
IFNy, results in an increase in TH2-cell-associated sensitization of mice to these antigens [71].
Similarly, activation of iNKT cells in vivo with a-GalCer or other glycolipid antigens results in a rapid
increase in total serum IgE [72]. In addition, Val4—-Jal8-transgenic mice, which express more TCRs
that contain this invariant a-chain than do wild-type mice and therefore contain more NKT cells, have
higher serum concentrations of the TH2-cell-associated immunoglobulins, IgG1, and IgE [73].

Recently, our group has shown that iNKT cells stimulated by milk-derived sphingolipid may be
implicated in the pathogenesis of food allergy. Indeed, in children with IgE mediated food allergy to
cow’s milk, iNKT cells were reduced in number and exhibit a Th2-bias in response to aGalCer and
milk-sphingolipid stimulation. These data suggest a potential role for iNKT cells in food allergy [24].
Moreover, our group found that children with active Eosinophilic Esophagitis had significantly fewer
peripheral blood iNKT cells with a greater Th2-cytokine production after to aGal and milk-shingolipid
stimulation compared to iNKT cells derived from children with controlled Eosinophilic esophagitis or
healthy controls [40]. Children with active eosinophilic esophagitis had increased iNKT cells levels in
esophageal biopsies compared to children with controlled eosinophilic esophagitis, suggesting the
iINKT cell may migrate from the peripheral blood to the site of active esophageal eosinophilic
inflammation [40]. This could explain how milk could contribute to local inflammation in eosinophilic
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esophagitis. Indeed, eosinophilic esophagitis is an atopic disease characterized by eosinophilic
inflammation in which dietary antigens (in particular, milk) play a major role. However, it is not clear
how milk can induce such inflammation as the vast majority of children who respond to a milk free
diet have no specific IgE against milk, and patch skin test to milk show no delayed inflammation to
milk [40].

If iINKT cells are involved in the development of asthma, it is still subject of controversy. In one
paper that has never been reproduced by other groups, iNKT cells producing Th2 cytokines
represented about 60 percent of the pulmonary CD4+CD3+ cells in patients with moderate-to-severe
persistent asthma [75]. Mice lacking iNKT cells, because of gene knockouts in TCRAJ18 locus
(required for the invariant TCRa chain expressed by these T cells) or the CDID locus (required for
thymic positive selection of developing iNKT cells), show markedly reduced airway inflammation and
asthma following challenge with the sensitizing protein antigen [42,74,88]. Based on adoptive transfer
experiments, it seems that the production of IL-4 and IL-13 by iNKT cells is at least one component of
their essential role in promoting AHR [74]. When directly activated by glycolipid antigens, iNKT cells
induce the development of AHR, in the complete absence of conventional CD4'T cells and adaptive
immunity [72]. The requirement for iNKT cells in the development of AHR is curious, because
antigen-induced TH2-cell responses and antigen-specific TH2 cells develop and respond normally in
CD1d-deficient mice and in Jal8-deficient mice, but these responses are clearly insufficient for the
induction of AHR [89-91].

Interestingly, mice infected with Sendai virus develop chronic lung disease and airway
hypersensitivity similar to asthma and chronic obstructive pulmonary disease (COPD) in humans and
such chronic manifestation was dependent IL-13 from macrophages and iNKT cells [92].
Macrophages and iNKT cells depletion reduced chronic disease manifestation. These data suggest that
iINKT cells participate in the pathogenesis of chronic inflammatory lung disease [92].

8.2. iNKT Cells in Autoimmune Diseases

It has been suggested that iNKT cells may play a role both in protection and pathogenesis of
autoimmunity [44,74,75,93-95]. Indeed, iNKT cells seem to promote atherosclerosis [93], Th-2 colitis
in mice [96], whereas have a suppressive role in some models of Diabetes Type I [97], Lupus [98,99],
cancer, delayed type hypersensitivity [93,94], in anterior chamber—associated immune deviation [100].

In mice in the model of immune privilege in the eye, known as anterior chamber—associated
immune deviation (ACAID), DC derived MIP-2, a functional murine homolog of human IL-8,
appeared essential for iNKT cell recruitment to the spleen, where they induced T reg through
IL-10/TGFp production [101,102].

Nonobese diabetic (NOD) mice, which develop Type I diabetes as a result of a spontaneous
autoimmune Thl-mediated destruction of pancreatic islet cells, have low levels of iNKT cells that are
deficient in Th2 cytokines [103—105]. In addition, patients with Type I diabetes, including identical
twin sets, had fewer invariant iNKT cells, which produced less Th2 cytokines than their nondiabetic
siblings [97]. Other autoimmune diseases have been associated with low levels of iNKT cells. Mouse
models for human systemic lupus erythematosus (SLE), start to have lower number of iNKT cells at
around three to four weeks of age and iNKTcells completely disappear at around 10 weeks of age,
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when SLE manifests itself [98,99]. Interestingly in transgenic mice with delayed reduction in NKT
cells, had delayed onset of the disease development [98,99].

In humans several autoimmune diseases, such as systemic sclerosis [106], SLE [107], rheumatoid
arthritis [108—110], and multiple sclerosis [111,112], have been also associated with low iNKT cell levels.

In another interesting paradigm, autoimmunity could be driven by iNKT cells by infectious agents.
Primary biliary cirrhosis (PBC) is due to an immune-mediated destruction of the small bile ducts, that
causes bile extravasation, chronic inflammation, and subsequent liver fibrosis. iNKT cells were
required for the initiation of this disease in a mouse model and iNKT cell are increased in the liver of
PBC patients compared to healthy controls [113,114]. Interestingly the vast majority of patients with
PBC have anti-mitochondrial antibodies, which recognize an epitope of the mitochondrial PDCE2
enzyme that is particularly well conserved in a commensal bacterium Novosphingobium
aromaticivorans, a strain of Sphingomonas. As Sphingomonas cell wall glycolipids can strongly
activate iNKT cells, these studies suggest that iNKT cells may play a key role in the pathogenesis of
PBC by promoting aberrant responses to Sphingomonas [113,114].

8.3. iINKT Cells in Infectious Diseases

INKT cells have been shown to play a role against bacterial, viral, fungal and protozoal infections [1].
However, most of the studies conducted in mice have been done on Jal8-deficient (Jal8KO) mice
that. have been recently shown not only to lack iNKT cells, but also to have a more pervasive immune
disorder as they have deficits in rearrangements of approximately 60% of their Ja segments, all of
those upstream from Jal8, likely the result of insertion of the gene encoding neomycin resistance
during construction of the gene-deficient mouse strain. This finding raises an important caveat to
assigning any defect in Ja18KO mice solely to the iNKT cell defect [115].

INKT cells appear to be important in mice to fight Streptococcus pneumonia, which induces them
to secrete IFNy and IL-17A. Moreover Jal8KO mice had higher bacterial levels in the lung and a
lower survival rate compared to wild-type (WT) mice when infected with S. pneumonia [116].
Chlamydia trachomatis and C. muridarum have an antigen, whose structure is unknown, that is able to
activate iNKT cells, hence, iNKT cells may be involved in this sexually transmitted infection, however
the mechanism of such involvement has not been elucidated yet [58,59,117]. iNKT cells in a mice
model were also important in Borrelia burgdorferi infection [118,119].

INKT cells are important in fungal infections. Lung infections with Cryptococcus neoformans are
associated with iNKT cells accumulation mediated C—C motif chemokine-2 (CCL-2)/macrophage
chemoattractant protein-1 (MCP-1). In mice, Thl cytokines from iNKT cells are essential for
C. neoformans clearance [120,121].

Based on animal models, iNKT cells seem to be important also for the immune response against
some protozoan parasites, such as Leishmania major, L. donovani, and Trypanosome cruzi. INKT cells
play mainly a role in fighting Leishmania infections, whereas regulate excessive inflammation in
Trypanosome cruzi [60,122—-126].

iINKT cells are also important in mice model to fight viral infections, in particular herpes family
viruses, such as mouse cytomegalovirus (MCMYV), a b herpes virus, and genital herpes simplex virus
(HSV)-2 infection with a still unclear mechanism [127-129]. In humans, the lack of iNKT cells is
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primarily linked to overwhelming viral infections. A fatal and a life-threatening infection developed
after receiving the varicella vaccine were shown to be due an isolated defect in iNKT cells [130,131].
X-linked lymphoproliferative syndrome (XLP) patients have a mutation SAP. These patients do not
have iNKT cells and die of uncontrolled Epstein—Barr virus (EBV) infection [27,29]. Moreover, iNKT
cells are reduced in number and function in patients with active Mycobacterium tuberculosis
infection [132].

8.4. iNKT Cells and Cancer

iNKT cells have been discovered while aGalCer was studied as an anticancer therapy and, since
then, there has been accumulating evidence that iNKT cells play a major roles in tumor
immunosurveillance. Indeed by comparing Jal8-deficient and CDI1d-deficient mice with wild-type
mice, INKT cells seem to be important in tumor immunosurvelance in different tumor models, such as
methylcholanthrene (MCA)-induced fibrosarcomas, in p53 deficiency, and in the transgenic
adenocarcinoma of the mouse prostate (TRAMP) prostate cancer model [133—136]. CD4-CD8- iNKT
cells and iNKT cell derived IFNy production are most likely responsible for this antitumorogenic
activity, by activating NK cells [137,138]. Thus far, however it is not clear if iNKT cells can also
control tumor by targeting the tumor directly or by blocking angiogenesis driven by CD1d-expressing
tumor-associated macrophages [139].

In humans, iINKT cells are decreased in tumors such as lung, breast, colon, and melanoma head and
neck squamous cell carcinomas, and those patients with higher levels of iNKT cells have a better
prognosis [140—142]. In clinical trials using aGalCer alone or aGalCer-pulsed antigen-presenting cells
showed that these treatments are overall safe and well tolerated. What appeared most effective was the
combined transfer of autologus iNKTcells and aGalCer-pulsed dendritic cells in patients with lung and
head and neck squamous cell carcinomas [143]. Not surprisingly, however, the simple administration
of soluble aGalCer did not have any major clinical benefit, as we know that can also induce IL-4
production and anergy of iNKT cells [144].

9. Conclusion

INKT cells are a very interesting subset of T cells that may bridge the innate and adaptive immune
systems. Indeed, iNKT cells can mount specific responses to antigen with cytokine production and
cytotoxic activity however their TCR evolved to recognize different glycolipid antigens in a conserved
manner and to perform innate-like rather than adaptive functions. In the last decade numerous studies
have shown their role in diseases in which the immune system play a major role, such as cancer,
infectious diseases, autoimmune and allergic syndrome. Given the fact that they can produce rapidly
large amount of cytokines when appropriately stimulated without a clonal expansion, they represent
and interesting pharmacological target to modulate the immune response
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