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REVIEW

Natural killer T cells and the regulation of asthma

P Matangkasombut!-2, M Pichavant!, RH DeKruyff! and DT Umetsu!

A crucial role has been suggested for invariant natural killer T cells (iNKT) in regulating the development of asthma, a
complex and heterogeneous disease characterized by airway inflammation and airway hyperreactivity (AHR). iNKT
cells constitute a unique subset of T cells responding to endogenous and exogenous lipid antigens, rapidly secreting a
large amount of cytokines, which amplify both innate and adaptive immunity. Herein, we review recent studies showing
arequirement for iNKT cells in various models of asthma in mice and monkeys as well as studies in human patients.
Surprisingly, in several different murine models of asthma, distinct subsets of INKT cells were required, suggesting that
iNKT cells serve as a common critical pathogenic element for many different forms of asthma. The importance of iINKT
cells in both allergic and non-allergic forms of asthma, which are independent of adaptive immunity and associated with
airway neutrophils, may explain situations previously found to be incompatible with the Th2 paradigm of asthma.

INTRODUCTION

Bronchial asthma, which affects almost 10% of the general
population,!=3 is a complex and heterogeneous inflammatory
disorder of the airways involving an interplay between envi-
ronmental factors and as many as 100 major and minor sus-
ceptibility genes.*~® The heterogeneity of the disease has been
recognized for years, and many distinct forms of asthma exist,
including allergic asthma (the most common form), as well
as other forms induced by exercise, aspirin, air pollution, or
viral infection. In susceptible individuals, these environmental
factors cause recurrent episodes of wheezing, breathlessness,
chest tightness, and coughing associated with reversible airflow
obstruction of varying degrees of severity.” Airway hyperreac-
tivity (AHR), which correlates with the severity of asthma, is
another important feature of asthma, resulting in increased
symptoms on exposure to various nonspecific stimuli (Box 1).
Currently available controller medications for asthma (corti-
costeroids, leukotriene antagonists, anti-IgE, and mast cell sta-
bilizers) and novel therapeutics being tested in clinical trials
(anti-interleukin (IL)-4, anti-IL-13, and anti-IL-5 antibodies)
focus on reducing airway inflammation, particularly inflam-
mation driven by T helper (Th)2 lymphocytes. Corticosteroids
and P2 agonists constitute the main stay of therapy, but as many
as 10-30% of patients do not respond to therapy, and asthma
remains the most common chronic disease of childhood. The
absence of effective and curative therapies for asthma suggests
that our understanding of the disease mechanisms in asthma

is inadequate. In this review, we will discuss a new paradigm
for the pathogenesis of asthma, in which natural killer T cells
(NKT cells) have been proposed as an important effector cell
type for this disease.

INFLAMMATION IN ASTHMA

Antigen-specific Th2 cells are believed to have a central role
in asthma, orchestrating airway inflammation by secreting
cytokines such as IL-4, IL-13, IL-5, and IL-9. These cytokines
increase the production of IgE, levels of which correlate with
disease,? increase eosinophil, basophil, and mast cell recruit-
ment, growth and differentiation, and directly affect airway
smooth muscle and mucous glands, resulting in AHR.1Y CD4*
Th2 cells are believed to be present in the lungs of most patients
with asthma, particularly those with allergic asthma,'? and aller-
gen sensitization, a consequence of developing allergen-specific
CD4* Th2 cells, is a major risk factor for the development of
asthma.!12 Moreover, in animal models of allergic asthma,
depletion of CD4 ™" T cells prevents the development of AHR,!3
suggesting that Th2 cells have an indispensable role in disease
pathogenesis.

Although the presence of Th2 cells and eosinophils can
explain many features of allergic asthma,'®!* this paradigm
cannot account for many observations in asthma.® First, the
Th2 paradigm cannot explain non-allergic asthma, induced
with exercise, aspirin, viral infection, or air pollution, which is
often associated with airway neutrophils rather than eosinophils.
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Box 1 Airway hyperreactivity (AHR)

Airway hyperreactivity is a cardinal feature of asthma, because it is present in all
forms of asthma and correlates well with the disease severity. In experimental asthma
models, AHR is the most important outcome and can be measured by the loss of
pulmonary function with increasing doses of an inhaled provocative stimulus, such as
methacholine or histamine. Greater loss of pulmonary function with smaller doses of
stimulus indicates greater AHR.

Second, treatments that target or eliminate Th2 cells and their
cytokines (e.g., anti-IL-4, anti-IL-5 antibodies (Abs) or IL-4/IL-
13 antagonists) have not reduced AHR in numerous clinical tri-
als for asthma,!>1 suggesting that other immunological factors,
in addition to Th2 cells, may critically regulate asthma. Third,
most patients with allergic rhinitis and allergen sensitization
do not have asthma,!” suggesting that the presence of Th2 cells
and allergen-specific IgE per se, is not sufficient for the develop-
ment of asthma. Finally, elevated levels of non-Th2 cytokines
and factors, such as interferon-y (IFN-7),1819 11.-17,20-22 and
neutrophils,?3-2° are frequently present in the lungs of asthmat-
ics, particularly in patients with severe disease, or with cortico-
steroid resistant asthma.?®2” Taken together, these observations
suggest that other pathways beyond Th2 cells and eosinophils
contribute to the development of the asthma phenotype.®

NKT CELLS

One cell type that has been proposed to contribute immensely
to the development of asthma is NKT cells, which constitute
a small population of lymphocytes that express markers of
both T cells (T-cell receptor, TCR) and NK cells (e.g., NK1.1,
NKG2D). NKT cells can be subdivided into at least three sub-
types, based on their TCR. Type I NKT cells or invariant NKT
(iNKT) cells express invariant TCRo chains (Va14-Jo18 in
mice and Voa24-Ja18 in humans) coupled with a limited rep-
ertoire of V3 chains (VB8, VB7 and V[32 in mice and V11
in humans). Type I NKT cells respond to glycolipid antigens
presented in the context of the non-polymorphic major his-
tocompatibility complex (MHC) class I-like molecule CD1d.
In all mammals except ruminants,?®?° Type I NKT cells are
present and respond to the glycolipid a-galactosylceramide
(o-GalCer),3%3! showing a great evolutionary conservation
of the invariant TCR, which most likely represents a pattern
recognition receptor.

Type II NKT cells also recognize glycolipid antigens presented by
CD1d, but these NKT cells express non-invariant (heterogeneous)
TCRs. Type III NKT cells express non-invariant TCRs and recog-
nize antigen in a CD1d-independent manner. The study of Type I
iNKT cells has progressed rapidly over the past 5 years, as reagents
to identify and study Type I iNKT cells (NKT-cell-deficient mice
and CD1d tetramers) have become available.

The conserved, invariant TCR of iNKT cells appears to
function as a pattern recognition receptor,?? suggesting that
iNKT cells serve as a component of innate immunity. Upon
activation, iNKT cells rapidly secrete a large amount of Th1
and Th2 cytokines and chemokines, which then activates
DCs, macrophages, NK cells, T cells, and B cells, and drives
the development of adaptive immunity.3? iNKT cells also
express features of NK cells, producing perforin and granzyme
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B.34-36 iNKT cells can be further categorized into CD4* and
double-negative (DN) subsets, with the CD4* subset produc-
ing greater amounts of IL-4 and IL-13 than the DN iNKT cells.
The DN iNKT cell subset includes iNKT cells that produce
IL-17 and IL-22, which may have an important role in the
lungs (see below). Furthermore, as iNKT cells cultured with
transforming growth factor-3 express Foxp3 and produce
IL-10, a marker of regulatory T cells, it is likely that a regula-
tory subset of iINKT cells also exists (M. Leite-de-Moraes and
M. Monteiro, 5th International Symposium on CD1/NKT cells,
2009, Kamakura, Japan). The broad spectrum of cytokines
secreted by iNKT cells may explain their implication in mul-
tiple diseases, including infectious diseases,?”>3® malignancy,®
autoimmune diseases?? (diabetes, lupus, colitis), allograft
rejection,*! atherosclerosis,*? and asthma.** The many distinct
functions of iNKT cells suggest that various subsets of iINKT
cells exist, each producing a different profile of cytokines, or
that the cytokine profile produced by the iNKT cells can be
modulated by extrinsic factors.

THE ROLE OF iNKT CELLS IN MURINE MODELS OF ASTHMA
A crucial role of iNKT cells in the development of asthma-
like symptom has been shown in several murine models of
asthma.

Allergen-induced AHR

In 2003, we and others*#*> showed a role for iNKT cells in a
model of allergic asthma, associated with Th2 responses, eosi-
nophils, and AHR. Both Ja18~/~ and CD1d =/~ mice, which
lack iNKT cells, failed to develop allergen-induced AHR and
had reduced airway inflammation after airway challenge with
ovalbumin (OVA). Adoptive transfer of wild-type but not IL-4/
IL-137/~ iNKT cells into Jo.18 =/~ mice fully restored AHR and
airway inflammation, showing the requirement of iNKT cells
for the development of allergen-induced AHR. Furthermore,
administration of recombinant IL-13 to CD1d =/~ mice elicited
AHR, indicating that the CD1d ™/~ mice do not have an intrinsic
inability to develop AHR. A varying degree of allergen-induced
airway eosinophilia occurred in the absence of iNKT cells, from
markedly reduced in some studies***? to slightly reduced in
others in comparison with wild-type mice.*®*” AHR, argu-
ably the most critical feature of asthma, always failed to occur
in the absence of iNKT cells.*#* Importantly, the iINKT-cell-
deficient mice developed normal Th2 responses,* indicating
that iNKT cells are not absolutely required for the development
of Th2 responses and that Th2 cells, required for the response
to protein allergens, are not sufficient for the development of
AHR.*%> Taken together, these studies indicate that both Th2
cells (necessary for allergen-specific responses) and iNKT cells
producing IL-4 and IL-13 are required for the development
of allergen-induced AHR. However, the exact mechanisms
by which iNKT cells collaborate with Th2 cells in the devel-
opment of allergen-induced AHR remains unclear, and may
involve amplification of Th2 responses, or the massive produc-
tion by iNKT cells of Th2 cytokines, particularly IL-13, which
triggers AHR.
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Ozone-induced AHR

A requirement for iNKT cells has also been shown in a model of
asthma induced with air pollution, a known trigger of asthma
symptoms.®*>! In this model, mice repeatedly exposed to ozone,
a major component of air pollution, developed severe AHR
and airway inflammation.?? Unlike allergen-induced AHR,
which is associated with airway eosinophils, ozone-induced
AHR was associated with airway neutrophils and macro-
phages.?? Importantly, both CD1d =/~ and Ja18~/~ failed to
develop ozone-induced AHR, indicating that iNKT cells were
required for the development of ozone-induced AHR. Moreover,
IL-17A~/~ mice failed to develop ozone-induced AHR,
although they developed severe allergen-induced AHR, indi-
cating that IL-17 was specifically required for ozone- but not for
allergen-induced AHR. As MHC class II-deficient mice, which
lack conventional CD4* T cells but have iNKT cells, developed
ozone-induced AHR, iNKT cells but not conventional CD4* T
cells (Th17 cells) produced IL-17, required for the development
of ozone-induced AHR. Indeed, a unique NK1.17IL-17* iNKT
cell subset was present in the lungs of ozone-exposed mice, sug-
gesting that ozone-induced AHR required a subset of iINKT cells
distinct from that required for allergen-induced AHR. These
iNKT cells require RORYT for development, constitutively
express IL-23 receptor,” produce IL-22, and have been identified
in situations associated with neutrophilic inflammation.>3->¢
However, IL-17 produced by other MHC class II-independent
cells such as yd T cells could also have a role in this system.
Nevertheless, as ozone-induced AHR developed in MHC class
II-deficient mice,?? these studies show that AHR can occur in
the complete absence of Th2 cells and adaptive immunity.

Virus-induced AHR and chronic lung disease

A requirement for iNKT cells has also been shown in a third
model of AHR, induced with respiratory viruses, which trig-
ger asthma symptoms in virtually all patients with asthma,>’ >
although the precise immunological mechanisms by which
viruses cause asthma have not been understood earlier. Using
Sendai virus, which is related to human viruses that are clinically
important (respiratory syncytial virus and parainfluenza virus),
Kim et al. ° showed that viral infection induced acute bronchi-
olar inflammation, followed by a delayed but permanent chronic
phase of mucous cell metaplasia and increased AHR, resembling
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human chronic lung disease (asthma and chronic obstructive
pulmonary disease). Surprisingly, the AHR and airway inflam-
matory response required the presence of CD4~ iNKT cells, and
failed to occur in CD1d ~/~ and Jo18 =/~ mice. In this model, the
iNKT cells induced alternatively activated macrophages, which
produced IL-13, which in turn drove increased mucus produc-
tion and AHR. As the virus-induced AHR response occurred
in MHC class IT =/~ mice, adaptive immunity was not required
for the development of this form of AHR. These findings pro-
vide new insight into the pathogenesis of virus-induced inflam-
matory airways diseases and show the requirement for a novel
subset of INKT cells, and an iNKT cell-alternatively activated
IL-13-producing macrophage innate immune axis.

SUBSETS OF iNKT CELLS IN ASTHMA

The studies in three different models of asthma induced with
allergen, ozone, and viral infection suggest that iNKT cells may
provide a common disease mechanism for many different forms
of asthma, including asthma that occurs in the absence of adap-
tive immunity and in association with neutrophils. Moreover,
these studies indicate that distinct subsets of iNKT cells are
involved in different forms of asthma (Table 1). Although
CD4* IL-4/IL-13-producing iNKT cells (in concert with anti-
gen-specific Th2 cells) are crucial in allergen-induced AHR,
NK1.17IL-17-producing iNKT cells have a major role in ozone-
induced AHR, and CD4~ iNKT are involved in respiratory
virus-induced AHR.

ARE iNKT CELLS REQUIRED IN ALL MOUSE MODELS OF
AHR?

Although iNKT cells have been shown to be clearly required
for the development of AHR in at least three distinct models
of asthma (see above), several studies suggested that iNKT
cells might not be important for the development of AHR in
some cases. In the first of these studies, published more than
10 years ago, B2 microglobulin-deficient (B2m~/~) mice,
which were believed not to have iNKT cells, in fact developed
severe allergen-induced AHR.%162 As CD1d is a heterodimeric
molecule that includes 2m, B2m ~/~ mice were believed to lack
CD1d, and also to lack CD1d-restricted cells, including iNKT
cells. However, subsequent studies showed that CD1d can be
expressed in the absence of f2m.%3-6¢ Moreover, NK1.1*, TCR*

Table 1 The involvement of iINKT cells subsets in different murine asthma models

Requirement of iNKT cell subset

Model Pulmonary challenge Airway disease iNKT CD4*Tcells Surface marker Cytokine
Allergen®445  OVA AHR, eos, mucous metaplasia Yes Yes CD4+ IL-4/IL-13

IL-25 + OVA +1L-25 AHR, eos Yes Yes IL-17RB* IL-4/IL-13
Allergen'16 CCR4+

Virus®0 Sendai virus AHR, mac, mucous metaplasia  Yes No CD4~ IL-13

Air pollu- Ozone AHR, neu Yes No NK1.1~ IL-17

tion22

Lipid% a-GalCer GSL-1, 1 AHR, eos, neu, lym Yes No INKT IL-4/IL-13/IL-177

AHR, airway hyperreactivity; eos, eosinophils; a-GalCer, a-galactosylceramide; GSL-1,1’, sphingomonas glycosphingolipids; IL, interleukin; iNKT, invariant natural
killer T cells; lym, lymphocytes; mac, macrophages; neu, neutrophils; OVA, ovalbumin.
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NKT cells are in fact present in f2m~/~ mice.®>67-%8 In addi-
tion, AHR in these mice was abolished by treatment with an
anti-CD1d blocking mAb and by treatment with an anti-NK1.1
mADb (depletes NK and NKT cells), but not with anti-asialo GM1
Ab (depletes only NK cells and not NKT cells).®® Furthermore,
allergen-induced AHR was restored in CD1d =/~ mice by adop-
tive transfer of an NKT-cell-enriched population from B2m =/~
mice.?® The NKT cells in the B2m =/~ mice do not respond to
o-GalCer, and therefore are Type II NKT cells. It can be noted
that the NKT cell population in f2m =/~ mice is likely to be dis-
tinct from the Type IT NKT cell population present in Jo18 =/~
mice, which do not induce AHR, presumably because of the
NKT cells that develop in the presence of the B2m-independent
form of CD1d in B2m ~/~ mice may be distinct from those that
develop in Jo.18 =/~ mice. These studies, nevertheless, strongly
suggest that the development of AHR in the B2m~/~ mice is
mediated by CD1d-restricted NKT cells.®®

A second situation in which AHR might appear to develop in
the absence of iNKT cells involves T-bet-deficient mice, which
were also believed not to have iNKT cells, but which developed
AHR spontaneously.®® T-bet is a member of the T-box fam-
ily of transcription factors that is expressed in Th1, but not in
Th2 cells.”%7! T-bet~/~ mice have a significant defect in the
maturation of iNKT cells, and therefore have a great reduction
in peripheral iNKT cells, particularly in the liver.”? However,
T-bet ™/~ mice have a significant number of iNKT cells in the
spleen and lungs that produce primarily IL-4 and IL-13 and only
minimal amounts of IFN-y.”3 Moreover, treatment of these mice
with a blocking anti-CD1d mAb abolished spontaneous AHR
as well as OVA-induced AHR, indicating that AHR in T-bet =/~
mice also required iNKT cells.”® Although there may be situa-
tions in which AHR can develop in the absence of iNKT cells
(e.g., induced by the administration of recombinant IL-13), these
studies together indicate that iNKT cells are indeed required for
the development of AHR in most murine models of asthma.

iNKT CELLS IN HUMAN ASTHMA

On the basis of the compelling studies of iNKT cells in mouse
models of asthma, iNKT cells have been proposed to have an
important role in human asthma. At least 13 studies have exam-
ined the number of iNKT cells in bronchoalveolar (BAL) fluid,
endobronchial biopsies, and sputum samples from patients with
asthma. Most of these studies (nine) concluded that iNKT cells
were present in the lung of patients with asthma or chronic obstruc-
tive pulmonary disease,**”48! although four of the studies did not
find a significant number of iNKT in samples from patients with
asthma®?-8> (Table 2). These discrepancies have generated some
controversy regarding the importance of iNKT cells in asthma.
It should be noted that the techniques for identifying iNKT cells
were quite varying in these 13 studies, and not all of the studies
used o-GalCer-loaded CD1d tetramer, anti-invariant NKT TCR
(6B11 Ab) or the combination of anti-Vo24/V 311, which are the
best method for identifying iNKT cells. Moreover, a number of
studies used sputum samples rather than BAL fluid samples, which
may give variable results, as the cells in sputum samples may not
all come from the lower airway.

386

However, in the most recent study of iNKT cells in human
asthma, patients with a very broad range of asthma severity
and symptom control, as well as non-asthmatic controls, were
examined, using o-GalCer-loaded CD1d tetramers with appro-
priate unloaded CD1d tetramer as a control to identify iNKT
cells, along with stringent flow cytometry gating criteria.! In
this study, patients with severe, poorly controlled asthma had
a significant increase in the number of BAL fluid iNKT cells,
compared with that in non-asthmatic controls. In addition,
most, but not all, patients with well-controlled asthma had an
increase in the number of BAL fluid iNKT cells compared with
that in non-asthmatic controls. The specific number of iINKT
cells present in the BAL fluid was quite varied (from <1% up
to 60% of the T cells), but patients with severe asthma appeared
to more consistently have an increase in iNKT cells than those
with well-controlled asthma, suggesting that asthma severity
and symptom control might be loosely related to the number of
pulmonary iNKT cells.8!

All together, the data indicate that some but not all asthma
patients have increased numbers of pulmonary iNKT cells,
whereas normal individuals have very low or undetectable num-
bers of iNKT cells (< 1% of T cells). In addition, there is a great
variability in the specific numbers of iNKT cells in patients with
asthma, which might be explained by differences in the clinical
character of patient populations studied, tissues used to analyze,
and techniques used to identify the iNKT cells. Furthermore,
iNKT cells are known to downregulate their TCRs when acti-
vated, rendering them undetectable using the tetramer analysis
for period of at least several days. Overall, the studies in humans
are consistent with those in mice, where the number of iNKT
cells in BAL fluid fluctuates rapidly and dynamically, ranging
from 1% of lung lymphocytes in naive mice to 14% after aller-
gen challenge,”? suggesting that the number of iNKT cells in
the lungs may change over time with acute exacerbations or as
asthma symptoms improve. The variability in the number of
iNKT cells suggests that the absence of iNKT cells in the lungs
of some patients with asthma is not an indication that iNKT cells
are not important in asthma, particularly because even small
numbers of airway iNKT cells when activated can induce sig-
nificant AHR. Rather the small number of iNKT cells present in
some patients suggests that INKT cells could have very potent
activity. Therefore, functional studies of iNKT cells, as carried
out in mice, rather than enumeration studies of iNKT in BAL
fluid would be the best way to provide more convincing data
regarding the importance of iNKT cells in asthma.

FUNCTIONAL /N VIVO STUDIES OF PULMONARY iNKT
CELLS IN PRIMATES

Unfortunately, functional in vivo studies of iNKT cells are
difficult to carry out in humans for safety and ethical reasons.
Therefore, functional studies have been limited to in vitro
studies, which have shown that BAL fluid cells from patients
with asthma respond in vitro to a-GalCer (therefore iNKT
cells are present in the lungs).”* Other investigators have
shown that CD4* iNKT cells from asthmatic patients show
an increase in in vitro cytotoxic activity against regulatory
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Table 2 Studies of iNKT cells in human asthma
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iNKT cell number

Marker for
Disease (n)' Control (n)' Disease Control iNKT cell Tissue sample
Studies that concluded that iNKT cells are present in the lung of patients with asthma
Akbari’4 Moderate-severe  Healthy (6) 58-68% of CD3+ 0.9% of CD3+ Tetramer? BAL
asthma (14) Sarcoidosis (5) T cells T cells (healthy)  6B113
1.38% of CD3+
T cells (sarcoid)
Sen’ Asthma (8) Healthy (6) Increase Baseline Va4 Bronchial
biopsy
Pham-thi’® Severe asthma Healthy (10) 0.44+0.09% of CD3*  0.12+0.08% of  Tetramer BAL
(15) Infection (12) T cells CD3* T cells
(healthy)
0.142+0.05%
of CD3* T cells
(infection)
Hamzaoui”’ Severe (12) Non-asthma (10)  0.82+0.07% of CD3*  0.09+0.02% of CD56/Na24  Sputum
Mild (10) asthma T cells (severe) CD3* Tcells
0.07+0.05% of CD3+
T cells (mild)
Kim®0 COPD (5) Non-COPD (5) 450 cells per mm3 100 cells V24 Lung tissue
per mm3
Yamamoto’8 Asthma/sinusitis Non-asthma Increase Undetectable RT PCR Nasal polyp
Vo24/Jo18
Russano’® Asthma ND Upto 5-10% of CD4*  ND ? BAL
T cells
Fujiki8o Mild asthma (9) ND 26.4+2.9% of CD3* ND 6B11 Sputum
T cells
Matangkasombut®’  Severe (5) Non-asthma (5) 1.3-63% of CD3+ 0-0.2% of Tetramer BAL
Well controlled (8) T cells (severe) CD3* Tcells
0-8% of CD3* T
cells (well controlled)
Studies that concluded that iINKT cells are not present in significant number in the lung of asthma patients
Mutalithas®? Asthma (11) Sarcoid (4) 0.37+0.1% of CD3* 0.12+0.02% of 6B11 BAL
Bronchitis (1) T cells CD3+* T cells Vo24/VB11
Vijayanand®3 Mild-moderate Healthy (12) 0-2.7% of CD3+ 0-0.6% of Tetramer, BAL
asthma(16) T cells (asthma) CD3* Tcells 6B11 Lung biopsy
COPD(10) 0-0.9% of CD3* Vo24/VB11  Sputum
T cells (COPD)
Thomas®* Mild asthma (5) ND 0.4-2.1% of lym- ND 6B11 BAL
phocytes Va24
Bratke8® Mild asthma (6) ND <1% of T cells ND 6B11 BAL

BAL, bronchoalveolar lavage fluid; COPD, chronic obstructive pulmonary disease; a-GalCer, a-galactosylceramide; iNKT, invariant natural killer T cells;

ND, not done.

"Number of subjects.

29-GalCer-loaded CD1d tetramer.
SAnti-invariant NKT cell receptor (clone 6B11).

T cells.?¢ As in vivo studies in humans are difficult to be car-
ried out, as an alternative, one can examine the in vivo func-
tion of pulmonary iNKT cells in non-human primates, for
example, in cynomolgus monkeys. As in mice, direct and
specific activation in monkeys of pulmonary iNKT cells with
a-GalCer resulted in the development of significant AHR.8”
These results suggested that even the few iNKT cells (0.3-
0.6% of T cells) present in the normal lung, when directly
activated, induce the development of AHR. Thus, similar to
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mast cells or dendritic cells (DCs), iNKT cells have potent
activity, which cannot be assessed simply by counting their
numbers in the lung. Furthermore, because non-human
primates are closely related to humans in terms of their
genome, respiratory physiology, and immunological
responses,®8 these results predict that challenge of humans
with glycolipids that directly activate iNKT cells would result
in a similar development of AHR. Therefore, these stud-
ies provide strong evidence that iNKT cells likely have an
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important role in human asthma, and suggest that additional
functional studies of iNKT cells are warranted in humans.
These studies should include examination of the precise fac-
tors that control the number and mechanisms of the recruit-
ment of iNKT cells in the lungs, beyond the observations that
CCR4 and CCR9 are important in the recruitment of iNKT
cells to the lung,”>%° which should greatly help us understand
their function in asthma.

LIPID ANTIGENS THAT ACTIVATE PULMONARY iNKT CELLS
A major question in iNKT cell biology involves the identi-
fication of lipid antigens that can activate iNKT cells. In
allergen-induced and ozone-induced AHR, it is believed that
endogenous glycolipids become expressed or modified in
the inflammatory environment induced by Th2 cells and by
ozone, respectively, which then activate different subsets of
iNKT cells, which in turn induce AHR. The known endog-
enous lipids include isoglobotrihexosylceramide, a lysosomal
glycosphingolipid which can stimulate both mouse and human
iNKT cells,” cellular phospholipids, that is, phosphatidyl-
choline,”! phosphatidylinositol, phosphatidylglycerol, and
phosphatidylethanolamine.®>? In addition, endogenous lip-
ids in other specific tissues such as disialoganglioside GD3
from tumor cells activates iNKT cells,* and sulfatide from
myelin activates type II NKT cells.”> Whether any of these
lipid antigens are involved in activating pulmonary iNKT cells,
or whether the iNKT cells are activated through an indirect
pathway, for example, by cytokines, is not known as yet, and
will require further investigation.

Pulmonary iNKT cells are believed to be activated not only
by endogenous lipids but also by exogenous lipids derived from
microorganisms or plants. Indeed, a single intranasal admin-
istration of an exogenous glycolipid, a-GalCer, to naive mice
directly activates iNKT cells and results in the rapid develop-
ment of severe AHR, which peaks at 24 h, and is associated
with airway inflammation and characterized by neutrophils,
eosinophils, and lymphocytes.?® This response was depend-
ent on iNKT cells, but was independent of conventional CD4*
T cells.”® A similar response was generated with glycolipids
structurally resembling o-GalCer, isolated from a Gram-
negative, lipopolysaccharide-negative a-proteobacteria
Sphingomonas.”®~%% Although Sphingomonas is not known as
pulmonary pathogen, this study strongly suggests that lipids
from other pathogens may directly activate pulmonary iNKT
cells, resulting in the development of AHR and asthma.

The list of microorganisms that produce lipids that activate
iNKT cells is rapidly growing.”® For example, diacylglycerol
antigens from the causative agent of Lyme disease, Borrelia
burgdorferi glycolipid I1, were shown to stimulate iNKT cells.'%
Furthermore, mycobacterium cell wall possesses phosphatidyli-
nositol mannoside, which binds to CD1d and activates mouse
and human iNKT cells.!">192 [n addition, lipophosphoglycan
and glycoinositolphospholipids purified from Leishmania dono-
vani activate iNKT cells.!?® Other organisms, such as Salmonella
typhimurium, Listeria monocytogenes, Staphylococcus aureus,
Escherichia coli, and cytomegalovirus, may also activate iINKT
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Figure 1 Invariant natural killer T cells (iNKT) cell function in airway
hyperreactivity (AHR). INKT cells secrete various cytokines, including
Th2 cytokines, which have direct effects on hematopoietic cells, airway
smooth muscle cells, and goblet cells. Alternatively, INKT cells could
regulate other cell types that are known to be involved in asthma
pathogenesis, e.g., neutrophils and alveolar macrophages.

cells, but in an indirect manner by stimulating DC production
of cytokines such as IL-12, which then activate iNKT cells.!04-108
Finally, glycolipids expressed by plant pollens, such as cypress
tree pollen, may directly activate iNKT cells when they are
inhaled.!%”

iNKT CELL FUNCTION IN AHR

The mechanisms by which iNKT cells function in inducing AHR
is unclear (Figure 1). Although AHR is a complex response,
involving multiple cell types, including immune cells and struc-
tural cells, such as airway smooth muscle and airway epithelial
cells, the role of iNKT cells in causing AHR is likely related to
the cytokines that they produce. iNKT cells rapidly secrete a
large amount of various cytokines, including Th2 cytokines,
which are known to enhance allergic inflammation and AHR,
by having direct effects on hematopoietic cells and on airway
smooth muscle cells and goblet cells.” How iNKT cells differ
from Th2 cells, or whether iNKT cells and Th2 cells have over-
lapping functions is not fully known. Alternatively, iNKT cells
could regulate other cell types that are known to be involved in
non-allergic asthma pathogenesis. For example, the production
of IL-17 by some iNKT cell subsets could recruit neutrophils
to the airways, 20225356 or iNKT cells could activate alveolar
macrophages to produce IL-13, which then induce chronic lung
disease.®® Furthermore, iNKT cells from asthmatic patients have
been shown be cytotoxic to regulatory T cells, which normally
suppress airway inflammation,® suggesting another potential
role of iNKT cells in asthma. Finally, iNKT cells may provide
unique effects required for the development of AHR, and these
effects may be induced by other cytokines, as discussed below.

NOVEL CYTOKINES THAT ACTIVATE iNKT CELLS

There are a number of novel cytokines that have been shown
recently to affect the development of asthma and AHR.
Not surprisingly, many of these agents affect iNKT cells, con-
sistent with the idea that iNKT cells have a central role in AHR.
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For example, IL-25, which is a member of the IL-17 family
cytokines (also known as IL-17E), has been detected in the
lungs of patients with asthma,!!? and greatly enhances Th2
response.!!! In a model of allergic asthma, IL-25 was expressed
by lung epithelial cells, and induced allergic airway inflamma-
tion as well as AHR.!2-114 Conversely, blocking IL-25 elimi-
nated Th2 response and AHR.!'> Moreover, IL-17RB, which
serves as a receptor for IL-25 and is expressed on non-B/non-T
(NBNT) c-kit*FceRI™ cells in mesenteric lymph nodes, is also
expressed by a subset of iNKT cells in BALB/c (but not C57B/6)
mice.!1®117 It is important that the IL-17RB-expressing iNKT
cells greatly enhanced AHR induced by IL-25 and suboptimal
doses of protein allergen, because this response occurred only
in wild-type but not in Jo18 =/~ mice.!'® Furthermore, transfer-
ring IL-17RB* but not IL-17RB™ iNKT cells into Jo18 =/~ mice
restored allergen-induced AHR.!'” The novel IL-17RB* iNKT
cell subset expressed CD4, preferentially produced IL-13 and
IL-4, and also expressed CCR4,!1® which is known to mediate
the localization of iNKT cells into the airways.® This study sug-
gests that CD4* IL-17RB* iNKT cells have a critical role in the
pathogenesis of asthma induced by IL-25.

Another cytokine that affects iNKT cells is IL-33, a member
of the IL-1 family and a ligand for ST2, a receptor on Th2 cells
and some iNKT cells.!'8119 TL-33 is produced by epithelial cells
and DCs, and the administration of IL-33 into the lungs of mice
induced AHR and goblet cell hyperplasia. The precise mech-
anism of this AHR response in not totally clear, particularly
because this response could occur in the absence of adaptive
immune cells (e.g., in RAG-2~/~ mice), but may involve the
direct activation of mast cells and basophils.'20-122

Thymic stromal lymphopoietin (TSLP) is another novel
cytokine that has been suggested to be a master switch for
allergic inflammation at the epithelial-DC interface.!?? It is
secreted primarily by epithelial cells, and activates DCs, which
preferentially induce Th2 cell differentiation in T cells.!24125
Nagata et al. 126 showed that iNKT cells also express the TSLP
receptor and respond to TSLP by preferentially increasing
IL-13 but not IFN-vy or IL-4 production. Moreover, TSLP
transgenic mice developed pulmonary eosinophilia, increased
IgE production, and allergen-induced AHR, but only when
iNKT cells were present.!2® Thus, TSLP transgenic mice that
lacked iNKT cells failed to develop AHR, although they still
developed pulmonary eosinophilia and increased IgE, show-
ing that TSLP promotes the development of AHR through the
activation of iNKT cells.

Other cytokines involved in iNKT cell activation, include
TNEFSF15, a cytokine produced by DCs, which co-stimulates
effector T-cell development by binding to its receptor, TNFR25
(DR3, TRAMP, LARD, WSL-1).!127 TNFSF15 stimulates IL-13
production in iNKT cells, and this pathway appears to be critical
for allergic lung inflammation and AHR.!?8 Similarly, the induc-
ible co-stimulator (ICOS)/ICOS ligand pathway is required for
iNKT cell survival and the induction of AHR.'?° Finally, IL-18
stimulates IgE production, in part, by activating iNKT cells,!3°
and may contribute to the development of AHR and airway
inflammation.!3!
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TARGETING iNKT CELLS FOR ASTHMATHERAPY

On account of its crucial roles in different forms of asthma,
iNKT cells serve as an attractive target for asthma therapy.
Although iNKT cells have important antimicrobial and anti-
tumor effects, therapies that specifically target iNKT cells are
likely to be much less “immunosuppressive” than therapies, for
example, with corticosteroids, which have very broad immuno-
suppressive effects and which remain the most common therapy
for asthma. Therapies targeting iNKT cells could involve in the
direct elimination of iNKT cells, paralyzing iNKT cell function,
preventing their activation by blocking CD1d, or altering iNKT
cell function by reducing Th2 cytokine production. For example,
Hachem et al. 132 and Matsuda et al. %3 inhibited OVA-induced
AHR by administration of o-GalCer systemically. The authors
found that the inhibition of AHR was dependent on IFN-vy pro-
duction!3>133 and that the effect was transferable,!* suggesting
that IEN-v inhibitory cells were induced. However, a-GalCer
when given directly into the lungs or when given continuously
during OVA sensitization can induce AHR and airway inflam-
mation,”®!34 suggesting that the route and timing of o-GalCer
administration could dictate the response !*° and that other gly-
colipids, perhaps with a reduced capacity to induce Th2 cytokine
production, may be more effective.

Lessons learned from active investigation on harnessing
iNKT cells for the treatment and prevention of tumor, autoim-
mune diseases, and for vaccine development could help us bet-
ter develop therapy for asthma. Most studies in cancer field
used a-GalCer or DCs loaded with a-GalCer, which showed
promising efficacy in animal models'*¢-140 and found to be
safe in phase I clinical trail in humans.'*!-143 Moreover, a
C-glycoside analog of a-GalCer has been shown to induce iNKT
cells to produce skewed Th1 cytokines,'** and was shown to be
more potent than a-GalCer in both antitumor and antimalar-
ial efficacy.!*® In autoimmune disease field, another analog of
o-GalCer with a truncation of sphingosine chain, OCH com-
pound, has been shown to induce skewed Th2 response and to
protect mice against a Th1 disease, experimental autoimmune
encephalitis (murine model for multiple sclerosis), and collagen-
induced arthritis.!4147 These studies suggest that customized
glycolipids might be effective in altering the functions of INKT
cells, reducing Th2 cytokine production, and enhancing Th1 or
regulatory iNKT cell function. Furthermore, if our hypothesis
regarding exogenous lipid antigen activation of iNKT cells is
correct, then in addition to regulating iNKT cells, themselves,
the environmental control of “lipid allergens” might help certain
asthmatic patients in a similar way that environmental control
of protein allergens do.

CONCLUSION AND FUTURE DIRECTIONS

Our understanding of the function of iNKT cells in asthma has
progressed markedly over the past 6 years since the role of iINKT
cells in asthma was first proposed. Although murine models of
asthma provide strong evidence that different subsets of iNKT
cells are required in different forms of asthma, the significance
of this observation need to be confirmed by further study in
humans. How various subsets of iNKT cells are regulated, how
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pulmonary iNKT cells are activated and exert their functions,
and how can we manipulate them in order to prevent and treat
asthma remain to be elucidated.
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