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Abstract

The innate-like natural killer T (NKT) cells are essential regulators of immunity. These cells
comprise at least two distinct subsets and recognize different lipid antigens presented by the MHC
class I like molecules CD1d. The CD1d-dependent recognition pathway of NKT cells is highly
conserved from mouse to humans. While most type | NKT cells can recognize aGalCer and
express a semi-invariant T cell receptor (TCR), a major population of type Il NKT cells reactive to
sulfatide utilizes an oligoclonal TCR. Furthermore TCR recognition features of NKT subsets are
also distinctive with almost parallel as opposed to perpendicular footprints on the CD1d molecules
for the type | and type Il NKT cells respectively. Here we present a view based upon the recent
studies in different clinical and experimental settings that while type | NKT cells are more often
pathogenic, they may also be regulatory. On the other hand, sulfatide-reactive type 1l NKT cells
mostly play an inhibitory role in the control of autoimmune and inflammatory diseases. Since the
activity and cytokine secretion profiles of NKT cell subsets can be modulated differently by lipid
ligands or their analogs, novel immunotherapeutic strategies are being developed for their
differential activation for potential intervention in inflammatory diseases.
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NKT CELL SUBSETS

The multifaceted immune system orchestrates interactions between cells to eliminate
invading pathogens and maintain homeostatic regulation of self-tolerance. It consists both of
cells which respond to antigens never before encountered (the adaptive immune response)
and cells which, through evolutionary selection, have been preprogrammed to respond to
common environmental antigens (the innate immune response). Among the innate like
lymphocyte populations of the immune system are natural killer T (NKT) cells, comprised
of at least two subsets, which bridge the innate and adaptive immune responses (see Fig. 1)
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[1-4]. NKT cells play an important modulatory role in autoimmunity, tumor surveillance,
and response against invading pathogens. They display T cell receptors characteristic of
conventional T cells in addition to cell surface proteins expressed by NK cells, such as
CD56/161(humans) and NK1.1 (mice) [2, 3, 5]. Unlike conventional CD4+ T cells, which
respond to protein antigens presented by the major histocompatibility complex (MHC) class
I1 molecules, most NKT cells are reactive to lipid antigens presented by CD1d molecules [2,
3, 5]. Several antigen presenting cells (APC) including dendritic cells (DC), macrophages
(M(¢)), B cells, thymocytes, and hepatocytes express CD1d molecules and can therefore
activate NKT cells. Activation of NKT cells results in the rapid release of abundant
cytokines of both T helper 1 (Th1) (IFN-y) and Th2 (IL-4 & IL-13) responses. Interestingly,
though murine type | NKT cells can secrete IL-17, these cells in human PBMCs from
healthy individuals do not [6].

The more widely studied type | NKT cells, also known as semi-invariant NKT cells, are
more prevalent than type Il NKT cells in mice than in humans [1, 7], comprising about 50%
of murine intrahepatic lymphocytes [8-10]. These cells react strongly to a-
galactosylceramide (aGalCer), an exogenous marine derived glycolipid [11-13]. A major
difference between the two subsets resides in their TCRs: the invariant TCR is encoded by a
predominantly germline Va gene (75-88%) (Va14/Ja18 in mice and Va24/JaQ in
humans), as well as more diverse non-germline V chain genes (Vp8.2/7/2 mice and V11
humans) [1-5, 7, 14-16]. Type | NKT cells respond to a-, as well as, p-linked glycolipids.
The semi-invariant TCR binds to CD1d in a parallel configuration, predominantly involving
the a chain [2, 3, 5, 15].

We have focused on the biology of type I NKT cells in health and during disease. In
humans, type Il NKT cells is the predominant subset [1, 17]. A key element in
characterizing the physiological function of this NKT cell subset was the identification of
one of its naturally occurring ligands. Towards this goal we focused on screening myelin
lipids that possess structural characteristics similar to aGalCer, for their ability to stimulate
NKT cells. In our initial studies we found that the naturally occurring galactolipid sulfatide
was able to stimulate NKT cells in a CD1d-dependent fashion. Upon further characterization
we discovered that sulfatide stimulated CD 1 d-restricted NKT cells were not of type I, but a
major subset of type Il NKT cells [18]. We found that sulfatide-reactive type Il NKT cells
generally play a protective role in autoimmune diseases by controlling the inflammatory
responses mediated by type | NKT cells [19]. In some cases non-sulfatide reactive type Il
NKT cells may play a pathogenic role such as in ulcerative colitis [20]. Type Il NKT cells
express oligoclonal TCRs utilizing a limited number of Va- and VB-chains. In contrast to
type | NKT cells, only about 14% of the TCR Va and 13-27% of the Vf chains in type 1l
NKT cells, are encoded by germline gene segments [19]. Notably, type Il NKT TCRs
contact the ligand predominantly using the B chain rather then the a chain, suggesting that
the TCR Vp chain is responsible for providing antigen fine specificity [21]. The TCR-
binding mechanism of type Il NKT cells uses features derived from both the type | NKT
cells and conventional T cells [1, 19, 21, 22]. Unlike type | NKT cells, the type 1l NKT
subset does not respond to a-linked glycolipids [21]. The above studies clearly indicate
distinctive molecular recognition features of the two NKT cell subsets.
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The pathogenic or protective effects of NKT subsets following stimulation in vivo are
determined by their cytokine secretion profile, timing of activation, and the lipid antigens
involved. Understanding how these subsets’ TCRs bind to their ligands and how they cross-
regulate each other should lead to the development of novel strategies of immune regulation
for intervention in autoimmune diseases in a human leukocyte antigen (HLA)-independent
manner (see Fig. 1). Overwhelming evidence of the regulatory function for both type I and
type 11 NKT cells makes them extremely attractive targets for immunotherapeutic
manipulation.

NKT CELLS RECOGNIZE BOTH EXOGENOUS AND ENDOGENOUS LIPIDS

Consistent with the structural and recognition differences between TCRs of the two NKT
cell subsets, different lipid antigens have the ability to activate these cells. For example
aGalCer, the most affine ligand for type | NKT cells, is not recognized by type 1l NKT
cells. Recognition of autologous lipids rather than microbial lipids is most likely the primary
function of type Il NKT cells [23]. However type | NKT cells can respond to both
endogenous and exogenous lipids. The endogenous lipids include:
isoglobotrihexosylceramide (iGb3), Bgalactosyl ceramide (3GalCer) and disialoganglioside
(GD3) [2, 12, 24, 25]. Exogenous lipids include: agalactosylceramide (aGalCer),
ocglucouronosylceramide (aGluCer), glucouronosylceramide (BGluCer), agal-urono-syl-
cer, agluuronosylcer, and agalactosyldiacyglycerol (aGalDAG) [2, 5, 24, 26]. Type | NKT
cells have been identified by utilizing aGalCer/CD1d tetrameric reagents due to their strong
binding affinity for CD1d and the semiinvariant TCR [5, 7, 8, 11, 27]. Stimulation of type |
NKT cells with aGalCer results in a cytokine burst, TCR down regulation, anergy, and
apoptosis [1, 12]. It is likely that the in vivo effects of aGalCer stimulation do not reflect
true hysiological responses due to its non-mammalian nature and its extraordinarily high
binding affinity. Though self-antigens such as iGb3 can stimulate type | NKT cells [28] they
bind to CD1d poorly and are inefficient in comparison to aGalCer. More studies will be
necessary to identify a detailed physiological role for type | NKT cells following recognition
of self-antigens.

While a major population of type Il NKT cells can be identified by sulfatide/CD1d loaded
tetramers [18], these cells can recognize several other hydrophobic antigens including
lysosulfatide, lysophosphatidylcholine [29], Glc Cer, GalCer [21], and phenyl 2,2,4,6,7-
pentamethyldihydro-benzofuran 5-sulfonate (PPBF in humans)[5]. Sulfatide is an
endogenous galactosylceramide and is an immunodominant glycolipid enriched in myelin,
pancreatic B cells, kidney and liver cells [30]. In fact one fifth of galactolipid in myelin
occurs as sulfatide. It is interesting to note that sulfatide binds promiscuously to all CD1
isotypes, some of which can present antigens to conventional T cells. However CD1d
presents sulfatide strictly to NKT cells in both humans and in mice [22, 31, 32]. Sulfatide/
CD1d tetramers have been utilized to establish proliferative and cytokine responses of type
I1 NKT cells during various experimental autoimmune diseases [7, 19, 21, 31, 33, 34].
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THE CYTOKINE SECRETION PROFILE OF CONVENTIONAL MHC-
RESTRICTED CD4+ T CELLS IS IMPORTANT IN AUTOIMMUNITY

Conventional CD4+ T cells produce cytokines when activated by endogenous or exogenous
protein antigens presented by APCs expressing MHC class 1l molecules. Self-reactive CD4+
Th1/Th17 cells are the key mediators of autoimmunity (see Fig. 2) [35]. Much like NKT
subsets, T helper subsets cross regulate each other to maintain homeostasis in a healthy
immune system: for instance Th1 cytokines frequently disrupt the actions of Th2 cytokines
and vice versa. Thl responses are mainly involved in cell mediated inflammatory responses
and these cells secrete IL-2, IFN-y, TNF-B, GM-CSF, and IL-3 while Th2 cell responses are
generally protective in autoimmunity by predominantly secreting 1L4, IL-5, 1L-10, and
IL-13 [36]. It is widely accepted that organ specific autoimmune responses result from
poorly regulated Thl responses [36]. Generally protection from autoimmunity is observed
when the global cytokine secretion profiles are shifted from a Th1/Th17 bias to a
predominately Th2 bias. Th17 cells secrete IL-17 (A/F) and are mostly involved in a
pathogenic role during autoimmune diseases [35, 37, 38]. Interestingly, type | NKT cells in
healthy humans do not secret 1L-17 [6]. However human type | NKT cells can specifically
suppress Th17 cells [39]. The method of type | NKT activation with aGalCer is a deciding
factor in determining Th1/Th2 balance among MBP reactive T cells and correlates with
severity of disease [7]. Although studies have been carried out with type I-deficient Ja18-/-
or type I/type ll-lacking CD1d-/- mice to examine the influence of NKT cell subsets in
experimental autoimmunity, it is not clear whether deficiency of NKT cell subsets alters
global T helper subset bias.

INVOLVEMENT AND MODULATION OF TYPE | AND TYPE Il NKT CELLS IN
AUTOIMMUNITY

Multiple Sclerosis (MS)/Experimental Autoimmune Encephalomyelitis (EAE)

Multiple sclerosis is an autoimmune disease involving inflammation in the central nervous
system (CNS) triggered by a MHC-restricted CD4+ T cell mediated response to myelin self-
antigens. Inflammation due to activated T cells, M(¢) and local phagocytic microglia results
in active lesions of the CNS, followed by demyelination of neurons leading to paralysis
which can be progressively chronic and debilitating. Activated microglia and M(¢p) in CNS
lesions may engulf myelin debris and present its component lipids to pathogenic T cells
[30]. Studies show that type | NKT cells are decreased in the peripheral blood mononuclear
cells (PBMC) of MS patients [40, 41], possibly due to apoptosis following activation.
However patients in remission have an elevated type | NKT cell count in their PBMCs
following treatment with IFN-p [42].

EAE is used as a prototype to study inflammation, demyelination and paralysis in the CNS.
EAE is induced by immunization with myelin proteins, e.g., myelin basic protein (MBP),
myelin proteolipid protein (PLP) or myelin oligodendrocyte glycoprotein (MOG) along with
complete Freund’s adjuvant (CFA). In EAE a cytokine profile of myelin-protein-reactive
CDA4+ T cells skewed towards Th1/Th17 is pathogenic while a Th2 biased response is
generally protective [43]. Under some conditions activation of type | NKT cells with
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aGalCer or its analogs (OCH) skews the conventional Th cell response towards Th2,
resulting protection from EAE [7, 44]. However other conditions of aGalCer administration,
e.g., timing of lipid injection and different MHC haplotypes, can bias conventional CD4+ T
cells towards Th1/Th17 leading to exacerbation of EAE [7]. IFN-y secretion may not be
always pathogenic as it can also have protective effects on EAE by inducing apoptosis of
pathogenic T cells [45]. The ultimate role of type | NKT cells in EAE remains controversial
[7, 46-48]. Nevertheless in our laboratory Ja18-/— mice develop less severe EAE than the
WT mice, suggesting their disease-potentiating role.

It is noteworthy that sulfatide reactive type Il NKT cells but not type I NKT cells are
increased several fold within the CNS during EAE, inverting the usual ratio (type I1 NKT
cells 3-4% and type | NKT cells 0.6-0.9%) and affording protection from disease [18, 30].
Furthermore administration of sulfatide to activate type Il NKT cells decreases the number
of IFN-y- and IL-17-secreting MBP and PLP-reactive encephalitogenic CD4+ T cells and in
turn protects from EAE using a CD1d-dependent regulatory pathway (Maricic et al.,
manuscript in preparation). This type Il NKT-mediated immunoregulatory pathway results
in (i) inactivation of type | NKT cells that now behave like regulatory T cells (ii) tolerization
of dendritic cells (iii) tolerization of microglia in the CNS and (iv) inhibition of the effector
functions of pathogenic conventional CD4+ T cells. Since APCs that activate pathogenic
Th1/Th17 in lymphoid organs and in the CNS are tolerized following sulfatide
administration, this activation of type Il NKT cell is much more potent in regulating
autoimmune demyelination than solely the inactivation of type | NKT cells by aGalCer
(Maricic et al., manuscript in preparation).

Type 1 Diabetes (T1D)/Non-Obese Diabetic (NOD) Mice

Type | or juvenile onset diabetes is characterized by T cell mediated destruction of insulin
producing B cells in the pancreas resulting in elevated glucose levels in the blood [24].
Although initial studies in diabetes patients suggested a reduced number of type | NKT cells
in patient PBMCs [49, 50] subsequent studies have failed to confirm this observation [51],
thus contributing to the controversy over the correlation between type | NKT population
frequency and disease status. Furthermore whether NKT cells in the PBMC of humans and
mice are an accurate indication of their activity in the target tissues is also unknown.

Non-obese diabetic mice develop diabetes spontaneously and have fewer thymic and splenic
type | NKT cells [24]. Although CD1d deficiency may or may not potentiate diabetes, over
expression of CD1d in these animals prevents disease [52-56]. Protection from diabetes by
NKT cells is associated with an elevated Th2 cytokine profile in pathogenic islet protein-
reactive CD4+ T cells [4, 57, 58] while a Th1 bias correlates with disease severity [13, 59].
In spite of this a Thl to Th2 cytokine profile shift in conventional CD4+ T cells alone may
not be sufficient to prevent T1D in NOD mice [60, 61]. Recently activation of type 11 NKT
cells by sulfatide has been shown to protect NOD mice from T1D [19, 31]. It has also been
demonstrated that the C24:0 but not C18:0 sulfatide protects against the transfer of T1D
[31]. These data suggest that analogs of sulfatide may have therapeutic value in clinical
trials in human subjects at risk for or newly diagnosed with T1D.
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Rheumatoid Arthritis (RA)/Collagen-Induced Arthritis (CIA)

Rheumatoid Arthritis is a systemic autoimmune disease in which pathogenic T cells produce
proinflammatory cytokines, causing swelling and painful inflammation of the joints. Human
PBMCs [41, 62] and synovia [63] display lower levels of NKT cells as well as a Th1 bias
during disease [62].

Collagen-induced arthritis is induced by injection of heterologous type Il collagen in
adjuvant, which leads to vigorous T and B cell responses. During CIA there is an increase in
the activation of Th1 cells expressing proinflammatory cytokines, equivalent to studies in
RA patients [64]. The shift from a Th1 to a Th2 cytokine profile results in IL-10 and 1L-4
dependent protection. Interestingly, Ja18-/— mice develop less severe CIA which is
associated with a Th2 profile (increased I1L-10 production) of collagenreactive pathogenic
CD4+ T cells [65], suggesting a pathogenic role for type | NKT cells in CIA. These data are
consistent with a study that shows anergizing type | NKT cells by administration of aGalCer
or its analog OCH results in a shift from Th1 bias to a Th2 bias in collagen-reactive CD4+ T
cells, protecting against CIA [44, 65]. Currently the role of type Il NKT cells is unknown in
CIA, and further investigations are required.

Myasthenia Gravis (MG)/Experimental Autoimmune Myasthenia Gravis (EAMG)

Myasthenia Gravis occurs as a result of antibodies directed at acetylcholine receptors at
postsynaptic neuromuscular sites blocking neurostimulation, causing intense muscle
weakness and fatigue. This organ specific autoimmune disease displays elevated levels of
type | NKT cells in PBMCs, in contrast to the cases of MS and RA [41]. The reason for this
difference is unknown. Nevertheless NKT cell levels return to normal levels after treatment
[66].

Experimental autoimmune myasthenia gravis is induced following immunizations with
heterologous acetylcholine receptors in adjuvant. Interestingly susceptibility to EAMG is
unaffected in CD1d-/- mice [55, 67] suggesting that type | NKT cells may not be
pathogenic. However aGalCer administration has proven to be protective in mice [67, 68].
Generally, reduced levels of IFN-y and increased IL-4 secretion protects against EAMG
[66]. There is limited knowledge regarding the type Il NKT cell role in EAMG, indicating
the importance for future studies.

Systemic Lupus Erythmatosus (SLE)

Systemic lupus erythmatosus involves autoantibodies directed against nuclear antigens
controlled by auto reactive CD4+ T cells resulting in inflammation of the connective tissues.
A reduced number and a suppressed cytokine production capacity of type | NKT cells in
PBMC of SLE patients have been observed along with their recovery after treatment [41,
62]. However levels of both conventional Thl and Th2 cells are increased in the serum of
lupus patients correlating with disease activity [69]. During disease exacerbation there is an
increase in a conventional Th1 cell response, while during remission there is an increase in
Th2 response [70]. Recently IL-17 has been implicated in the pathogenesis of SLE and
accordingly serum levels of IL-17 as well as its induction in PBMCs of SLE patients were
found to be higher [71, 72].

Curr Immunol Rev. Author manuscript; available in PMC 2014 October 04.
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The role of type | NKT cells in the experimental models of lupus is controversial. This may
result from the difference in genetic backgrounds, spontaneous models vs induced models
and timing of the administration of aGalCer during disease [73-77]. Diminished type | NKT
cell levels and a Th1 bias have been observed in MRL/Ipr mice that spontaneously develop
lupus-like autoimmunity [78]. One study indicated that CD1d—/— mice do not develop renal
disease or skin lesions [79], whereas others suggested that CD1d—/- mice expressed
exacerbated lupus skin disorder but not renal symptoms [78]. Consistent with the
contributory role of type | NKT cells in spontaneous disease in (NZB x NZW F1) mice,
these cells have been shown to promote anti-dsDNA autoantibody production by B cells in
vitro as well as in vivo following adoptive transfer [75, 77, 80]. Complicating a simplified
hypothesis, while continuous aGalCer injection in younger (4 wk) lupus prone mice
partially alleviates SLE symptoms by increasing Th2 bias [59], identical treatment in older
mice (8-12 wk) increased a Th1l cytokine profile as well as disease severity [73].
Collectively these studies suggest that type | NKT cells promote production of
autoantibodies in spontaneous models of lupus. Our preliminary studies suggest that
activation of type Il NKT cells following administration of sulfatide significantly prevents
lupus nephritis in (NZB X NZW) F1 mice indicating their protective capacity can counteract
potentially pathogenic type | NKT cells.

Liver Diseases

A variety of destructive changes in liver following injury or inflammation have now been
shown to be the direct result of type I NKT cell activity. In autoimmune hepatitis loss of
immune tolerance to hepatocytes leads to parenchyma destruction and inflammation
resulting in swelling of the liver. During studies of concanavalin A (ConA)-induced hepatitis
Ja18-/- and CD1d-/- mice were found to be resistant to liver damage [34, 81, 82].
Adoptive transfer of type | NKT cells into Ja18—/— mice restored Con-A sensitivity [82, 83].
Accordingly aGalCer administration in wild type mice results in a type | NKT cell-mediated
immune cascade and liver damage following ConA challenge [84]. Administration of
sulfatide prevents ConA induced hepatitis by activation of type 11 NKT cells, which in turn
leads to an accumulation of anergic type | NKT cells in the liver that is dependent upon
IL-12 and MIP-2 [34]. These studies indicate a pathogenic role for type | NKT cells in liver
damage induced by the drug.

Primary biliary cirrhosis (PBC) is an organ specific autoimmune disease which develops as
the result of antibodies attacking the mitochondrial enzyme pyruvate dehydrogenase
complex dihydrolipoyl transacetylase, leading to inflammation and swelling of bile ducts in
the liver. This blocks the flow of bile, damages liver cells, and leads to liver scarring or
cirrhosis. Type I NKT cells and CD1d expression are increased in liver but decreased in
PBMC during disease progression [85, 86]. Th2 cells protect from autoimmune cholangitis
while proinflammatory Th1 cells potentiates disease. Ja18—/— mice are resistant to disease
and CD1d-/- mice have a reduced incidence of cholangitis, indicating a pathogenic role for
type | NKT cells [29, 87]. Stimulation of type | NKT cells with aGalCer results in disease
exacerbation associated with the Thl cytokine release [24, 29, 87, 88].

Curr Immunol Rev. Author manuscript; available in PMC 2014 October 04.
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Ischemia reperfusion injury (IRI) occurs when type | NKT cells secrete pro inflammatory
cytokines (TNF-a and IFN-y) within 1 to 6 hours following transplant, resection surgeries,
liver trauma, or hepatic shock. This is accompanied by an increase in liver enzymes in serum
and infiltration of neutrophils causing injury to hepatocytes [89]. Consistent with the
pathogenic role of type | NKT cells in liver diseases, Ja18—/— mice do not develop IRI [89].
Sulfatide-mediated activation of type Il NKT cells induces anergy in type | NKT cells
leading to decreased levels of IFN-y+ and a significantly reduced recruitment of myeloid
cells and liver injury [89]. These studies suggest that pretreatment with sulfatide may be
therapeutic for improving the outcome of liver transplants and reducing incidence of IRI.
Collectively, the studies carried out in hepatitis, PBC and IRI indicate that while type | NKT
cells are pathogenic type Il NKT cells are protective in liver injury and may be manipulated
to alleviate autoimmune or inflammatory liver diseases.

NKT CELL SUBSETS IN TUMOR IMMUNOSURVEILLANCE

Decreased frequency of type | NKT cells [90] and deficiency in IFN-y secretion [91] have
been reported in some but not all cases of cancer. Type | NKT cells appear to protect against
tumors while activation of type I NKT cells may increase tumor susceptibility [33]. Type |
NKT cells protect against tumors by promoting proinflammatory responses, which are
generally pathogenic in autoimmunity. Activation of type | NKT cells by aGalCer has been
proven to be effective against several tumors such as carcinomas, sarcomas, melanomas and
thymomas. Anti-tumor activity of type | NKT cells is dependent upon their IFN-y secretion
[92], which in turn results in IL-12 secretion by DCs [78] and activation of antitumor CD8+
cytotoxic T cells as well as NK cells. In cancer patients type | NKT cells generate reduced
levels of IFN-y [41, 91, 93], corresponding to the observation that low levels of type | NKT
cells in the PBMCs of cancer patients usually indicate a poor clinical outcome [94].
Although type Il NKT cells exhibit a protective role in autoimmune diseases, they can
promote tumor growth during immunosurveillance [33, 95, 96]. Activation of type Il NKT
cells with sulfatide results in anergizing type | NKT cell activity and accordingly enhances
tumor growth [95]. Ja18—/- and CD1d-/- mice are more susceptible to the growth and
frequency of tumors, which improve after type | NKT cells are replaced [97]. When type |
and type Il NKT cells are stimulated simultaneously, type | NKT-mediated effects are
suppressed by type 11 NKT cells [33]. In some cases a Th2 profile by type | NKT cells can
induce suppression of anti-tumor immunity as well [96]. It is likely that the levels of CD1d
and lipid antigen expression by tumors play a crucial role in immunosurveillance. Generally
the presence of type | NKT cells in experimental models has been shown to be important for
an effective anti-tumor immune response. Surprisingly we have found that some of the high
CD1d-exprssing tumor cell lines implanted into type | NKT-deficient mice do not form
tumors whereas CD1d-negative tumor lines form tumors rapidly in comparison to NKT-
sufficient animals (Manuscript in preparation). These data suggest that the tumor
microenvironment, CD1d expression, lipid antigen presentation and subsequent activation of
type | or type I NKT cells all play an important role in tumor development. This is
particularly relevant to organ-specific autoimmune diseases where local tissue environment,
differential lipid availability and CD1d expression could engage different NKT cell subsets
with variable consequences.

Curr Immunol Rev. Author manuscript; available in PMC 2014 October 04.
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NKT CELLS IN PATHOGENESIS OF ASTHMA

Bronchial asthma is a complex disorder associated with wheezing, shortness of breath and
airway obstruction as a result of airway hypersensitivity (AHR). Allergic asthma, a most
common form of asthma is associated with the presence of allergen-specific Th2 cells
secreting IL-4, IL-5 and IL-13 leading to an increase in airway eosinophils, basophils, mast
cells and B cells producing IgE. In addition to Th2 cells, recent studies have also suggested
the involvement of Th17 and type | NKT cells in asthma [3, 98, 99]. Although controversial,
several studies have indicated the presence or increased levels of type | NKT cells in
bronchoalveolar lavage fluid or in endobronchial biopsy tissues from patients with asthma
[3, 98, 99]. These findings are consistent with several studies in experimental models of
asthma showing the requirement of type | NKT cells for the development of AHR. Thus
allergen-, ozone-, and virusinduced AHR fails to develop in type | NKT-deficient Ja18—/-or
NKT-deficient CD1d-/- mice [83, 100, 101]. Additionally, activation of type | NKT cells
by aGalCer results in severe AHR independent of conventional CD4+ T cells in mice [102]
as well as in monkeys [103]. Collectively studies in experimental asthma clearly suggest a
contributory role of type | NKT cells. However more functional studies are needed in
humans to clarify their pathogenic role in asthma. Consistent with a regulatory role for type
Il NKT cells, a recent study in a murine model of asthma has shown that activation of type Il
NKT cells by sulfatide or their adoptive transfer results in reduced inflammatory cellular
infiltrate in the lung and decreased levels of IL-4/IL-5 and antigenreactive IgE in the lung
[104]. Additionally similar to other experimental models, this is associated with the
inactivation of type | NKT cells following sulfatide administration.

CROSS-IMMUNOREGULATORY PATHWAY(S) FOLLOWING ACTIVATION
OF NKT CELLS

A novel regulatory mechanism is orchestrated following activation of type Il NKT cells with
sulfatide resulting in protection from autoimmunity and inflammatory tissue damage. This
unique pathway involves cross regulation of type | NKT cells and inhibition of pathogenic
Th1/Th17 cells through tolerization of cDCs. It has been shown to be effective in the control
of EAE [18], diabetes [31], liver diseases [34] and lupus (Halder, unpublished data).
Interestingly, while activation of type I NKT cells predominantly activates hepatic
conventional DC (cDC), sulfatide-mediated activation of type Il NKT cells predominantly
activates hepatic plasmacytoid DC (pDC). Additionally, type Il NKT-DC interactions result
in a rapid (within hours) recruitment of type | NKT cells into liver in IL-12 and MIP2-
dependent fashion. However recruited type | NKT cells are not activated, do not secrete
cytokines and become anergic. Thus anergy in type | NKT cells leads to reduced levels of
IFN-v followed by reduced recruitment of myeloid cells and NK cells and protection from
liver damage [89]. Furthermore tolerized cDC further inhibit conventional pathogenic CD4+
effector T cells mediating autoimmunity [18]. Thus adoptive transfer of cDCs from
sulfatide-treated but not control mice into naive recipients leads to prevention of
inflammatory damage. Furthermore, sulfatide reactive type Il NKT cell activation also
causes tolerization of tissueresident APC, such as microglia in the CNS and thereby
impairing the development of pathogenic Th1 and Th17 cells [18]. A recent study has
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suggested that the ICOS and PD-1 ligand pathways are required for regulation of diabetes in
NOD mice by CD4+ type Il NKT cells [105]. Interestingly, a similar pathway is also
involved in regulation by Treg cells [106, 107]. Since activation of sulfatide reactive type Il
NKT cells inhibits the effector functions of pathogenic conventional Th1/Th17 cells in the
peripheral organs as well as in the affected tissues such as CNS and liver, targeting these
cells leads to a broader therapeutic response than targeting type | NKT cells alone for
intervention in autoimmune disease.

Although some studies suggest that type | NKT cells could potentially cross-regulate type 1l
NKT activity [95], more data are needed to clarify mechanisms of regulation. It is clear that
activation of type | NKT cells with aGalCer leads to a cascade of events modulating activity
of several cells types, including dendritic cells, B cells, NK cells and neutrophils [2, 108].
Therefore it is likely that sulfatidemediated anergy induction in type | NKT cells also results
in modulation of the activity of these other cell types. As mentioned above, our data clearly
indicate a significant alteration in the activity of DC populations following sulfatide-
mediated activation of type Il NKT cells. Currently studies are in progress to investigate the
involvement of other cellular players following type 1l NKT activation in the presence and
absence of type | NKT cells.

IS THE ANALYSIS OF NKT CELLS IN PBMC IN HUMANS REFLECTIVE OF
THEIR BEHAVIOR IN TISSUES?

The frequency and cytokine secretion profiles of NKT cells in PBMCs of patients with
autoimmune diseases and the role of NKT subsets in immune regulation in human
inflammatory conditions are being investigated, but correlations are not yet clear [40, 41, 62,
83]. Dissimilar to mice, there is immense variability in NKT cell frequency in PBMC within
healthy individuals (0.01% to 3%) [2, 3, 5, 60, 109], but studies of twins and congenic mice
indicate NKT cell number is genetically regulated [4]. At a minimum we should expect to
address whether healthy individuals with diminished NKT cell frequency are at a greater
risk for disease. This implies carrying out population studies over time. The frequency of
NKT cells in murine PBMCs is unrelated to their number in the thymus or spleen [110]. At
present it is not clear whether the frequency of NKT cells in the PBMCs can provide an
accurate indication of systemic or organ-specific NKT cell pools in humans [111], and
studying this presents obvious difficulties. Independent of PBMC NKT cell number, two
further types of systematic studies could provide an appreciation of the role of NKT cells in
human diseases. First, it is possible that NKT cell defects are caused by polymorphisms in
molecules essential for NKT development, such as the SLAM [112] and PLZF [113]
pathways. Therefore attention should be paid to polymorphisms of these molecules in
various human conditions. Second, longitudinal analysis in humans with a particular disease
is essential for observing changes in NKT cell number and cytokine secretion patterns
during progression [111] in order to assess their possible role. Correlating the frequency of
NKT cells, their cytokine patterns and disease would provide a beginning for understanding
their etiological link to autoimmunity.
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THE PATH FROM MURINE STUDIES TO POTENTIAL INTERVENTIONS IN

HUMAN DISEASE

The CD1d dependent antigen recognition pathway is highly conserved from mice to humans
and several key features of NKT cell subsets are shared between them. Although studies in
mice have mostly used NKT cells from the thymus, spleen or liver the systemic results of
their manipulation indicate that clinical studies based upon them are warranted. Therefore
discoveries in experimental models can be translated into the clinical setting [1, 114]
allowing the application of murine studies to humans. It is fortunate that type 11 NKT cells
occur more frequently relative to type | in humans, facilitating additional studies to further
characterize them using appropriate lipid ligands. A detailed characterization of type 1l NKT
cells and their ligands in humans is important for their appropriate manipulation in disease
conditions. A path to the manipulation of type | NKT cells has already been opened by
phase I/11 clinical trials with aGalCer in humans for their anti-tumor effects [115-118].
Other analogs of aGalCer that are able to skew conventional CD4+ T cell responses more
towards either a Thl- or a Th2-like profile will make their way into clinical studies. In the
near future it is possible that we should be able to differentially activate or inhibit type | and
type I NKT cells for the development of novel immunotherapeutic in autoimmune diseases.

Acknowledgments

This work was supported by grants from the National Institutes of Health (RO1CA100660, RO1AA020864 and
RO1AI105227), Juvenile Diabetes Research Foundation (24-2007-362) and Multiple Sclerosis National Research
Institute to V.K. Authors would like to thank other members of the laboratory for their help and support.

ABBREVIATIONS

NKT
MHC
DC

M (o)
Th
APC
aGalCer
PBMC
CNS
MS
EAE
T1D
NOD
RA

Natural killer T cell

Major histocompatibility complex
Dendritic cell

Macrophage

T helper cell

Antigen presenting cell
a-Galactosylceramide

Peripheral blood mononuclear cells
Central nervous system

Multiple sclerosis

Experimental autoimmune encephalomyelitis
Type 1 diabetes

Non-obese diabetic mice

Rheumatoid arthritis

Curr Immunol Rev. Author manuscript; available in PMC 2014 October 04.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Viale et al. Page 12
CIA Collagen induced arthritis
MG Myasthenia gravis
EAMG Experimental autoimmune myasthenia gravis
SLE Systemic lupus erythmatosus
IRI Ischemic reperfusion injury
PBC Primary biliary cirrhosis
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Fig. 1.
A list of major similarities and differences between type | NKT and type |1 NKT cells.
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Fig. 2.
A simplified scheme showing the generation of different Th lineages, CD4+ Treg as well as

NKT cells from Th precursors (ThP). The development of different subsets is dependent
upon the presence of different cytokines as well as engagement of specific transcription
factors. The immune modulatory potential of Th subsets is also mediated by differential
cytokine secretion profiles. FoxP3+CD4+ Treg cells could secrete IL-10 and TGF-p for anti-
inflammatory response. Thl and Th17 cells play a major role in the development of
autoimmune diseases: while Th1 cells secrete IFN-yand TNF-a, Th17 cells secrete IL-17A,
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IL-17F, and IL-22. On the other hand Th2 cells can play antiinflammatory role by secretion
of IL-4, IL-5, IL-10 and IL-13. Interestingly though both NKT subsets can release Thl and
Th2-like cytokines such as IL-4 and IFN-vy, type | NKT cells can generally play an
inflammatory role while type Il NKT are more often antiinflammatory. Th1l and Th2 cell
cross regulate each other much like the NKT cell subsets via secretion of cytokines and
modulation of antigen-presenting cells.
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