
Chapter 27

Elucidation and Control of the Mechanisms

Underlying Chronic Inflammation Mediated

by Invariant Natural Killer T Cells

Hiroshi Watarai

Abstract Invariant natural killer T (iNKT) cells are a subpopulation of T lympho-

cytes with unique specificities against (glyco)lipids presented in the context of

CD1d belonging to major histocompatibility complex (MHC) class Ib. They rec-

ognise microbially encoded or synthetic glycolipids directly through their CD1d-

restricted T-cell receptors (TCRs) other than microbial components or lipids

including pathogen-associated molecular patterns (PAMPs) and bacterial

superantigens. Once activated, iNKT cells participate as early effectors and/or

regulators of immune responses. Immunoregulatory cytokines produced in copious

amounts by these cells target a wide range of downstream effector cells and help

shape the ensuing immune responses. Mammals comprise various numbers and

isoforms of CD1 molecules, suggesting that (glyco)lipid presentation is a rapidly

evolving component of the immune system, which adapts to environmental threats.

Recent progress in our understanding of CD1d-restricted iNKT cells contributes to

their true potentials in immunotherapeutic applications for various diseases. Recent

findings about iNKT cell subtypes (iNKT1, 2, 17, 10) and their roles in pathological

inflammation are also introduced and discussed.

Keywords iNKT cells • Glycolipids • CD1d • TCR • Innate immunity • Adoptive
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27.1 Introduction

The immune system consists of separate but interacting components, the innate and

acquired immune systems. Invariant natural killer T (iNKT) cells play unique

intermediary roles, bridging between both immune systems.
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NKT cells were originally characterised as having cell surface markers such as

NK1.1 in mice (MacDonald 1995) and CD161 in humans (Schmidt et al. 1986), as

well as a T-cell receptor (TCR) (Makino et al. 1995; Porcelli et al. 1993). However,

recent studies have indicated that a certain but not all of the NKT cells express

NK1.1 in mice or CD161 in humans, but all NKT cells are defined by a particular

invariant TCR α chain from Trav11_Traj18 (Vα14-Jα18) mostly paired with

Trbv13-2 (Vβ8.2), Trbv13-3 (Vβ8.1), Trbv29 (Vβ7), or Trbv1 (Vβ2) in mice and

TRAV10_TRAJ18/TRBV25-1_TRBD2_TRBJ2-7 (Vα24-Jα18/Vβ11-Dβ2-Jβ2.7)
in humans, giving rise to the moniker ‘invariant’ for NKT cells. Different from

the conventional αβT cells which recognise the peptide/MHC complex, these

stereotypic TCRs endow iNKT cells with some types of glycolipid antigens

presented by monomorphic MHC class I-like molecule CD1d (Godfrey

et al. 2004; Salio et al. 2014). The prototypic antigen is glycosphingolipid

α-galactosylceramide (α-GalCer), originally isolated from the marine sponge

Agelas mauritianus and identified from structure-activity relationship studies

around Agelasphin 9b by the pharmaceutical division of Kirin Brewery Co. Ltd. in

a screen for naturally occurring molecules that prevented tumour metastases in mice

in vivo (Natori et al. 1994). The synthetic compound, also known as KRN7000,

retains the activity of Agelasphin 9b while being much easier to synthesise (Morita

et al. 1995). α-GalCer has been used in many different studies and is a highly potent

iNKT cell agonist both in humans and in mice (Hayakawa et al. 2004).

When activated by α-GalCer, iNKT cells immediately produce Th1 (IFN-γ),
Th2 (IL-13, IL-4), Th17 (IL-17A), and inhibitory (IL-10) cytokines, resulting in

bystander immune modulating functions, activating and inhibiting various

immune effector cells, including NK cells, macrophages, granulocytes, dendritic

cells (DCs), basophils, and eosinophils in the innate system as well as CD4+ T

and CD8+ T cells in the acquired system. Therefore, iNKT cells participate in the

regulation of various disease states in a broad spectrum, including infection,

autoimmunity, allergy, antitumour response, allograft rejection, and graft-

versus-host disease.

The numerous studies investigating the role of iNKT cells were represented by

mouse models of deficiency in iNKT cells. One makes use of mice deficient in

CD1d (Cd1d1-/-) (Mendiratta et al. 1997), which prevents the development of any

CD1d-reactive T cells including iNKT cells. Another model directly targets Jα18
(Traj18-/-) (Cui et al. 1997), which is required for iNKT-TCR formation. However,

TCR repertoire diversity was impaired in Traj18-/- mice, in which the PGK-Neor

cassette replaced from Traj18 has inadvertent substantial effects on transcription

and TCR rearrangements (Bedel et al. 2013). Consequently, any changes in immu-

nological activity associated with Traj18-/- and Cd1d1-/- mice and for which a role

has been ascribed to iNKT cells needs to be reassessed.
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27.2 iNKT Cells and Host Defence

There is evidence that iNKT cells participate in protection of mice from a variety of

bacterial, viral, protozoan, and fungal parasites, although some of these results are

controversial because susceptibility is different between Traj18-/- and Cd1d1-/-

mice or between C57BL/6 and BALB/c genetic backgrounds.

In some examples where the mechanism of iNKT cell action in host defence has

been partially defined, IFN-γ secretion is important. iNKT cells act not only as

effectors by themselves in these cases, but also as conductors of IFN-γ secretion

from NK cells and CD8+ T cells that have been stimulated as a result of iNKT cell

activation (Hayakawa et al. 2001; Carnaud et al. 1999; Smyth et al. 2002a). How-

ever, iNKT cells can operate in either a stimulating or suppressive manner. For

example, clearance of herpes simplex virus type 1 is reduced in Traj18-/- and Cd1d1-/-

mice (Grubor-Bauk et al. 2003). By contrast, iNKT cells negatively regulate the

response to lymphocytic choriomeningitis virus (Roberts et al. 2004).

A defect in iNKT cell development has been reported both in SAP (signalling

lymphocytic activation molecule associated protein)-deficient mice and in humans

with mutations in SH2D1A, the gene encoding SAP (Chung et al. 2005; Nichols

et al. 2005; Pasquier et al. 2005). The Sh2d1a-/- mice are relatively normal in the

development of T and B cells, whereas humans with SAP mutations are affected by

a severe X-linked lymphoproliferative (XLP) syndrome and fail to control primary

Epstein–Barr virus (EBV) infection, presenting with uncontrolled expansions of T

and B cells. Although SAP-deficient XLP patients have a plethora of immune

defects that could contribute to the lack of control of EBV infection, another

group of XLP patients with defective iNKT cell numbers has been reported who

bear mutations in the inhibitor of apoptosis XIAP gene (Rigaud et al. 2006). This

raises questions of whether and how iNKT cells might be involved in the control of

EBV and perhaps other viral infections.

Some microbes produce glycolipids different from viruses. iNKT cells

are known to respond directly to some exogenous microbial glycolipids.

Sphingomonas bacteria widely distributed in the environment are essentially

universal antigens for iNKT cells and their glycosphingolipids containing either

a galacturonic or a glucuronic acid have structures similar to α-GalCer and have

an ability to activate iNKT cells directly (Kinjo et al. 2005; Mattner et al. 2005;

Sriram et al. 2005).

Another example of the importance of iNKT cells is provided by a study of a

Lyme disease model infected with Borrelia burgadorferi. After intradermal infec-

tion with Borrelia burgadorferi, Cd1d1-/- mice developed a greater thickening of

the knee and tibiotarsal joints, indicative of arthritis compared to BALB/c mice

(Kumar et al. 2000).

It has been suggested that some Bacteroides sphingolipids might influence host

immune homeostasis. Species of Bacteroides and their relatives are a prevalent

commensal organism of the human intestine, and many of them also have the
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capacity to produce sphingolipids. Recently, a glycosphingolipid antigen from

Bacteroides fragilis has been purified and characterised and it also activates

mouse and human iNKT cells (Wieland Brown et al. 2013).

The role of iNKT cells in infection and host defence is clearly an exciting area of

investigation with clinical potential, which makes them important targets for future

vaccine design.

27.3 iNKT Cells and Antitumour Responses

iNKT cells have been shown to be potentially important to tumour rejection (Smyth

et al. 2002b). iNKT cells were found to be necessary for IL-12–mediated tumour

therapy in mice (Cui et al. 1997), and α-GalCer/KRN7000 has an ability to promote

iNKT cell-dependent rejection of a broad range of experimental tumour cell lines

including melanoma, carcinoma, thymoma, and sarcoma (Hayakawa et al. 2004;

Smyth et al. 2002b; Kawano et al. 1997). Recent evidence has also shown that

treatment with α-GalCer/KRN7000 can protect against spontaneous oncogene- or

carcinogen-induced primary tumour formation in mice (Hayakawa et al. 2003).

Based on these findings in mice, a phase I clinical study of KRN7000 was carried

out in patients with solid tumours (Giaccone et al. 2002). However, a detectable

level of IFN-γ and IL-12 in serum was never observed after 3 times intravenous

(i.v.) injection of KRN7000 (Giaccone et al. 2002). This may be partially due to the

small population of iNKT cells in cancer patients compared to the healthy, although

it is not clear whether this is a cause or effect of the cancer. Another possible reason

is repeated injection of KRN7000 elicits changes in immunity as regulatory prop-

erties by IL-10 production from iNKT cells and dendritic cells (DCs) as shown in

mice (Kojo et al. 2005).

Overcoming these problems has been demonstrated. Induced pluripotent stem

cells (iPSCs) are known to hold tremendous potential for cell replacement therapy

and functionally competent mouse iNKT cells from iPSCs were successfully

generated that suppressed tumour growth in vivo (Watarai et al. 2010), which is

an important advance in solving the problem of the limited number of iNKT cells in

advanced cancer patients (Watarai et al. 2012a). Concerning the lesser effectiveness

of KRN7000 in humans, i.v. injection of monocyte-derived DCs that were

KRN7000-pulsed was evaluated and led to sustained expansion of iNKT cells in

advanced cancer patients (Chang et al. 2005). iNKT-cell–mediated immunotherapy

has clearly provided a proof of concept for future perspectives for cancer immu-

notherapy even though numerical tests and trials should be done and there is much

to be learned before these cells can be safely and effectively manipulated in the

clinic.
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27.4 iNKT Cells and Autoimmunity

It has been suggested that iNKT cells naturally influence autoimmunity from some

mouse models and the greatest number of studies was investigated in the type

1 diabetes model. iNKT cells are reduced in nonobese diabetic (NOD) mice

(Ortaldo et al. 2004) and produce less IL-4 after stimulation (Hammond

et al. 1998). Nonetheless, stimulation of iNKT cells with repeated administration

of KRN7000 has a therapeutic effect and protection from diabetes by iNKT cells

was associated with the induction of a Th2 response to islet autoantigens (Hong

et al. 2001). Interestingly however, iNKT cells prevented differentiation of IFN-γ
producing diabetogenic T cells in NODmice in an iNKT-derived IL-4–independent

manner but through activating NK cells and DCs (Beaudoin et al. 2002). Taken

collectively, iNKT cells may act by inducing KRN7000-mediated anergy in islet-

specific T cells and/or by altering the function of DCs with regulatory, in addition to

Th2 polarisation.

Similar to the findings in NOD mice, KRN7000 was found to prevent experi-

mental autoimmune encephalomyelitis (EAE; Jahng et al. 2001), an animal model

of multiple sclerosis (MS), by shifting the balance from a pathogenic Th1 toward a

Th2 response. A decrease in iNKT cells has also been found in the peripheral blood

of MS patients, suggesting a regulatory role for iNKT cells in this human disease

(Araki et al. 2003).

27.5 The Growing iNKT Cell Subsets

A major paradox is the ability of iNKT cells to produce various types of cytokines

and to both promote and suppress immune responses as described above. This is

probably due to the existence of functionally distinct subtypes of iNKT cells

producing different cytokines. It was previously established that iNKT cells include

both CD4-positive and CD4-negative subtypes (Godfrey et al. 2004; Bendelac

et al. 2007), each of which produces different cytokines. Although a functional

distinction was originally less apparent for mouse CD4+ and CD4� iNKT cell

subsets, the division of mouse iNKT cells on the basis of NK1.1 expression has

revealed striking differences between NK1.1-positive and NK1.1-negative subsets.

NK1.1+ iNKT cells produce a large amount of IFN-γ and little IL-4, whereas NK1.1�

iNKT cells produce less IFN-γ and more IL-4 (Benlagha et al. 2002; Pellicci

et al. 2002).

More recently, there is further heterogeneity in CD4+ iNKT cells, a subset of

which bears IL-17 receptor B (also known as IL-25 receptor; Terashima

et al. 2008). IL-25 is a key cytokine in Th2 immunity that eliminates helminth

and promotes airway hyperreactivity (Fallon et al. 2006). IL-17RB+ CD4+ iNKT

cells which can be designated iNKT2 cells produce large amounts of IL-13, IL-9,

and IL-4 in response to IL-25 (Terashima et al. 2008; Angkasekwinai et al. 2010;
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Motomura et al. 2011) and are phenotypically NK1.1� and present mainly in

thymus, spleen, lung, and lymph nodes (Watarai et al. 2012b). Another newly

identified subset of iNKT cells is producing predominant IL-17A (Michel

et al. 2007). IL-17A is produced from Th17 cells and/or γδ T cells, which have a

key role in autoimmune pathology in disease models such as EAE and collagen-

induced arthritis (CIA; Weaver et al. 2007). IL-17A–producing iNKT cells

(iNKT17 cells) express the transcription factor RORγt, IL-23 receptor, and

CCR6, the same as Th17 cells (Michel et al. 2008) and are enriched in lymph

nodes and the skin, resulting in rapid production of IL-17A in response to inflam-

mation (Watarai et al. 2012b; Doisne et al. 2009, 2011; Fig. 27.1). Concerning the

IL-10 producing iNKT cells with regulatory property, it is still unclear whether this

type of cell exists in steady state. In regard to the α-GalCer/KRN7000-induced
protection from EAE, iNKT cells have been reported to regulate immune responses

by inducing IL-10 production by other cells or to produce IL-10 themselves (Kojo

et al. 2005; Singh et al. 2001). However, in these cases, a distinct population of

iNKT cells with a unique phenotype was not described. Recently, IL-10–producing

iNKT cells were determined from mice pretreated with α-GalCer retaining cyto-

toxic activity and maintaining the ability to respond to TCR-dependent as well as

-independent cytokine-mediated stimulation, phenotypically and functionally sim-

ilar to inducible regulatory T cells (Tregs; Sag et al. 2014). Furthermore, it has been

reported that early after α-GalCer injection, iNKT cells acquire a T follicular helper

(Tfh) phenotype, characterised by the expression of the transcription factor BCL6

(Chang et al. 2011; King et al. 2011). Taken collectively, iNKT cells consist of

functionally distinct subtypes rather than a multifunctional uniform population,

similar to helper T cells or innate lymphoid cells (ILCs). It is important to elucidate

Fig. 27.1 Classification of iNKT cell subtypes based on the phenotypical and functional

differences

350 H. Watarai



the complexity, stability, plasticity, and the role of iNKT subsets in immunity and

inflammation, including crosstalk with other immune cells and subtypes.

27.6 iNKT-Cell–Mediated Type 2 Inflammation

iNKT cells are also involved in the development of asthma, because Traj18-/- mice

fail to develop or reduce ovalbumin (OVA) antigen-induced airway hyperreactivity

(AHR) (Akbari et al. 2003). Th2 cells and ILC2 are not always essential for iNKT

cell-mediated AHR development, because activation of iNKT cells induces AHR in

the absence of CD4+ T cells in MHC class-II–deficient mice (Meyer et al. 2006).

These findings suggest that iNKT cells are directly involved in the development of

AHR, independent of Th2 response or ILC2 activation in some cases. IL-17RB

expressing iNKT2 cells and IL-25, a ligand for IL-17RB, might be responsible for

iNKT-cell–mediated OVA/IL-25–induced AHR (Terashima et al. 2008). IL-17RB

is preferentially expressed in iNKT2 cells among cells in steady state. iNKT2 cells

in the lung produce predominantly IL-13 upon stimulation with IL-25 in vitro.

Depletion of iNKT2 cells but not of other subtypes by IL-17RB–specific monoclo-

nal antibodies or Traj18-/- mice failed to develop OVA/IL-25–dependent AHR. Cell

transfer of iNKT2 cells into Traj18-/- mice also successfully reconstituted AHR

induction. These results strongly suggest that iNKT2 cells play a crucial role in the

pathogenesis of allergen-induced asthma. Recently, IL-25–mediated mucosal

inflammation appeared to be negatively regulated by IL-17B which antagonises

shared receptor IL-17RB (Reynolds et al. 2015). It should be investigated whether

iNKT2-mediated IL-25–dependent inflammation is also regulated by IL-17B

(Fig. 27.2).

Not only allergens but also certain viruses, such as respiratory syncytial virus

(RSV), Sendai virus (SeV), metapneumovirus, and parainfluenza virus, cause

childhood asthma and chronic obstructive pulmonary disease (COPD)-like symp-

toms, which include AHR, airway inflammation, and mucus hypersecretion (Gern

& Busse 2000; Sigurs et al. 2005; Hamelin et al. 2006). It has been reported that, in

a mouse model of infection with a SeV, virus-induced chronic inflammation leads

to asthma that resembles human asthma and COPD even long after the apparent

clearance of viruses (Kim et al. 2008). The chronic pulmonary symptoms evolved

independently of CD4+ T cells but required iNKT cells, leading to accumulation of

M2 macrophage resulted in IL-13–dependent lung disease (Kim et al. 2008). The

link between these events needs to be better defined as to whether iNKT2 cells are

involved; it was found that TREM (triggering receptor expressed on myeloid cells)-

2 promotes macrophage survival and lung disease after viral infection

(Wu et al. 2015).

iNKT2 cells potentially trigger respiratory syncytial virus (RSV)-induced AHR

(Watarai et al. 2012b). RSV is an unusual virus in that it can cause repeated

reinfections throughout life and a major viral pathogen causing extensive outbreaks

of respiratory tract infections both in the very young and in vulnerable adults.
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iNKT2 cells produce Th2 cytokine after RSV infection, although triggering molec-

ular mechanisms are still unclear.

27.7 Conclusion

iNKT cells have been characterised as a T-cell subtype with diverse and miscella-

neous functions that recognise (glyco)lipids. However, recent studies revealed that

iNKT cells consist of functionally and phenotypically distinct subtypes, each of

which mediates different types of immunity and inflammation. iNKT cells can

regulate the function of innate and adaptive immune cells in antimicrobial immu-

nity, tumour rejection, and inflammatory diseases. Further studies are warranted to

dissect the molecular mechanisms by which iNKT subtypes can modulate both pro-

and anti-inflammatory responses. The challenge remains to translate the iNKT cell

biology to the clinic.

Fig. 27.2 Proposed model

for IL-25R-dependent

iNKT2 activation and

suppression
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