Current perspectives

Natural killer T cells are important in the pathogenesis of
asthma: The many pathways to asthma

Dale T. Umetsu, MD, PhD, and Rosemarie H. DeKruyff, PhD Boston, Mass

The pathogenesis of bronchial asthma, a complex trait
associated with a number of environmental factors (eg,
allergens, infection, air pollution, exercise, and obesity), involves
multiple cell types and several distinct cellular and molecular
pathways. These pathways include adaptive and innate
immunity and involve Ty2 cells, mast cells, basophils,
eosinophils, neutrophils, airway epithelial cells, and subsets of a
newly described cell type called natural killer T (NKT) cells. A
role for subsets of NKT cells in asthma has been suggested by
extensive studies in animal models of asthma induced with
allergen, viral infection, ozone exposure, or bacterial
components, suggesting that NKT cells function in concert with
Ty2 cells or independently of adaptive immunity in causing
airway hyperreactivity. The clinical relevance of NKT cells in
human asthma is supported by the observation that NKT cells
are present in the lungs of some patients with asthma,
particularly patients with severe, poorly controlled asthma,
although additional research is required to more precisely
define the specific role of NKT cells in human asthma. These
studies of NKT cells greatly expand our understanding of
possible mechanisms that drive the development of asthma,
particularly in the case of asthma associated with neutrophils,
viral infection, and air pollution. (J Allergy Clin Immunol
2010;uNN: ENE-NEN,)
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The simple clinical definition of bronchial asthma (wheezing,
shortness of breath, and reversible airway obstruction associated
with airway hyperreactivity [AHR]) suggests that a single path-
ophysiological mechanism might explain the development of
asthma. However, asthma is associated with numerous environ-
mental factors, including allergens, viral infection, air pollution,
obesity, aspirin, acetaminophen, and exercise, as well as a host of
susceptibility genes, suggesting that asthma is in fact complex,
with several distinct forms that might be associated with several
different pathogenic mechanisms.
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Abbreviations used

AHR: Airway hyperreactivity
BAL: Bronchoalveolar lavage
Bom: B,-Microglobulin
NKT: Natural killer T

TCR: T-cell receptor

Currently, the most popular paradigm regarding asthma path-
ogenesis involves allergen-specific T2 cells and adaptive immu-
nity. Allergen-specific T2 cells are thought to be present in the
lungs of virtually all patients with asthma,' particularly patients
with allergic asthma, the most common form of asthma, and to
mediate allergy, a major risk factor for asthma. T2 cells orches-
trate the inflammation seen in asthma by producing IL-4, IL-5,
and IL-13, which increase airway mucus production; increase
the growth and differentiation of airway eosinophils, basophils,
mast cells, and B cells producing IgE and Ty?2 cells; and directly
induce the development of AHR, a cardinal feature of asthma.
The Ty2 paradigm has been extremely appealing in its simplicity
and has dominated the field of asthma and allergy for more than
20 years since Mosmann et al® first described Ty! and T2 cells
in 1986.

Although the T2 paradigm of asthma explains many features
of asthma, a number of clinical observations cannot be explained
by this paradigm. For example, many patients have a nonallergic
form of asthma, do not respond to allergens, and have no allergen-
specific Ty2 cells. Furthermore, Ty2 cell-independent factors,
such as viruses, air pollution, and exercise, cause asthma symp-
toms in virtually all asthmatic patients irrespective of whether al-
lergy is present. In addition, other non-Ty?2 factors, such as IFN-y,
IL-17, and neutrophils, are frequently found in the lungs of pa-
tients with asthma, particularly in the lungs of patients with severe
asthma and patients with steroid-nonresponsive asthma. Addi-
tionally, most patients who are sensitized to allergens (ie, patients
with allergic rhinitis) do not have asthma, suggesting that Ty2
cells by themselves are not sufficient for the development of
asthma. Finally, Ty2-targeted treatments, such as anti-IL-4,
anti-IL-5, and IL-13 antagonists, have not been as effective as
hoped in many clinical studies of asthma.’” These observations
suggest that several additional processes and pathways beyond
or in addition to Ty2 cells must regulate the development of
asthma.

NATURAL KILLER T CELLS REGULATE IMMUNITY
One factor that could explain many of the features and

contradictions in asthma is a recently described cell type, called

natural killer T (NKT) cells, which were first suggested to play an
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important pathogenic role in asthma in 2003.%” NKT cells com-
prise a small population of lymphocytes that express features of
NK cells and conventional T cells. Most NKT cells also express
a lineage-specific transcription factor, promyelocytic leukemia
zinc finger (PLZF),8 and an invariant T-cell receptor (TCR),
called Va14 in mice and Va24 in human subjects.’ This invariant
TCR of NKT cells recognizes glycolipid rather than peptide anti-
gens in the context of the class I-like molecule CD1d. This TCR is
highly conserved in most mammalian species, suggesting that it is
a pattern-recognition receptor and that NKT cells have evolved to
play an important role in innate immunity. Furthermore, the acti-
vation of NKT cells through this conserved TCR results in the
very rapid production of cytokines, including IFN-y and IL-4,
which activate dendritic cells, macrophages, NK cells, T cells,
and B cells, and drives the development of adaptive immunity.
Moreover, the rapid production of cytokines by NKT cells has
been shown to regulate the development of cancer, autoimmunity,
ulcerative colitis, infectious diseases, and asthma.’ The many dis-
tinct functions of NKT cells might be explained by the existence
of several different subsets of NKT cells determined by their ex-
pression of CD4, by their cytokine profiles, and by expression of
the invariant TCR or of other noninvariant TCRs (see below).

NKT CELLS IN MURINE MODELS OF ASTHMA

Several different laboratories using several different murine
models of asthma have reported that the presence of NKT cells is
required for the development of AHR. First, in allergen-induced
AHR, a model of allergic asthma, AHR failed to occur in NKT
cell-deficient mice (Ja18 /™ mice and CD1d ™'~ mice), although
some degree of eosinophilic airway inflammation remained. AHR
was restored in the NKT cell-deficient mice by the adoptive
transfer of NKT cells from wild-type but not from IL-4/IL-13—
deficient mice.® Furthermore, in ozone-induced AHR, a model
of asthma associated with air pollution, AHR also failed to de-
velop in NKT cell-deficient mice.'® In this model with ozone,
which is a major component of air pollution, AHR was associated
with the presence of airway neutrophils but not eosinophils
and with the presence of IL-17, which is a potent neutrophil
chemotactic factor. Finally, in virus-induced AHR, a model of
virus-induced asthma, AHR also failed to develop in NKT cell—-
deficient mice."" In this virus model, infection with Sendai
(parainfluenza) virus resulted in the development of a chronic air-
way inflammation, associated with AHR and increased mucus
production in wild-type but not NKT cell-deficient mice.

In each of these different models of asthma, a distinct subset of
NKT cells was required: in allergen-induced AHR CD4™, IL-
17RB™ (receptor for IL-25), IL-4/IL-13-producing NKT cells
were required6’12; in ozone-induced AHR CD4  (double-nega-
tive), NK1.1", IL-17—producing NKT cells were required'o;
and in Sendai virus—induced AHR CD4  (double-negative)
IL-13-producing NKT cells were required'' (Table [).07-10-17
Moreover, both ozone-induced and virus-induced AHR could oc-
cur in the absence of adaptive immunity in Major Histocompati-
bility Complex (MHC) class 11"~ mice (which have NKT cells
but not conventional CD4™ T cells). These results indicate that
AHR can be induced by innate immune mechanisms in the ab-
sence of Ty2 cells and that NKT cell-mediated mechanisms
might explain the development of several different forms of
asthma, including allergic asthma, as well as asthma associated
with air pollution, neutrophils, or viral infection.
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AHR IN B,-MICROGLOBULIN-DEFICIENT MICE

The requirement for NKT cells in 3 distinct models of AHR
suggests that NKT cells might play an important role in asthma.
However, studies performed more than 10 years ago showed that
[3,-microglobulin—deficient (Bme/f) mice have severe allergen-
induced AHR, suggesting that AHR might not require NKT
cells'®'? and that NKT cells might not be important in asthma.*"
Until recently, the BQm_/_ mice were believed to lack expression
of CD1d because CD1d is a heterodimeric molecule that includes
Bom and to lack CD1d-restricted NKT cells. However, more re-
cent studies indicate that CD1d can in fact be expressed in the ab-
sence of B,m*'? and that a subset of NKT cells is indeed present
in Bzm_/ ~ mice.'>?3?* Moreover, allergen-induced AHR that oc-
curred in the anfF mice was abolished by treatment with sev-
eral different anti-CD1d mAbs and by an anti-NK1.1 mAb, which
depletes NK and NKT cells, but not with anti-asialo GM1 anti-
body, which depletes only NK cells and not NKT cells.' ? Further-
more, allergen-induced AHR was restored in CD1d ™/~ mice by
adoptive transfer of an NKT cell-enriched population from the
Bsz/ " mice. The NKT cells in Bsz/ " mice do not express
the invariant TCR of NKT cells and are therefore distinct from
the subset that induces AHR in wild-type mice. Nevertheless,
these studies together strongly suggest that the development of
AHR in the B,m ™"~ mice is mediated by CD1d-restricted NKT
cells'? and that subsets of NKT cells are indeed required for the
development of AHR in many distinct models of asthma (Table I).

THE MANY PATHWAYS TO ASTHMA

Are NKT cells required for the development of most forms of
AHR? This question has been difficult to answer because the
concept that NKT cells are important in asthma is relatively new
and the precise mechanisms by which NKT cells induce AHR are
only now beginning to be elucidated. One possible mechanism by
which NKT cells function in asthma is that some subsets of NKT
cells synergize with T2 cells in allergen-induced AHR, possibly
by licensing Ty2 cells to induce AHR.® Ty;2 cells but not NKT cells
can clearly respond to protein allergens and induce a degree of eo-
sinophilic inflammation. However, airway inflammation by itselfis
not sufficient for asthma, and the frequency of allergen-specific
Tu2 cells activated by a given allergen might be too low to induce
AHR without amplification by NKT cells. This might explain why
mice deficient in NKT cells cannot develop allergen-induced AHR
even though they clearly generate allergen-specific T2 responses.
On the other hand, when unusually large numbers of Ty2 cells are
present in the lungs, such as when large numbers of allergen-
specific T2 cells are transferred into severe combined immunode-
ficiency or recombinase activator gene—deficient mice, AHR can
be induced by the Ty?2 cells in the absence of NKT cells.”® This
would suggest that T2 cells and IL-4/IL-13—producing NKT cells
might have overlapping and synergistic functions.

The importance of NKT cells, however, might be more
apparent in situations in which the T2 paradigm fails to explain
asthma. For example, AHR can develop in the absence of adaptive
immunity in association with air pollution or viral infection.
These events might be mediated by NKT cells producing IL-
17'° or NKT cells that activate alveolar macrophages to produce
IL-13,"" respectively. During viral infection, one alternative
mechanism for NKT cells in asthma pathogenesis involves the in-
teraction between NKT cells and alternatively activated alveolar
macrophages. In this model viral infection induces IL-13
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TABLE I. Subsets of NKT cells involved in AHR responses
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Subset Model Cytokines produced Adaptive immunity required? References
CD4", IL-17RB* Allergen induced IL-4, IL-13 Yes 6,7, 12,15
DN, NK1.17, IL-17" Ozone induced 1L-17 No 10, 16, 17
DN Sendai virus induced 1IL-13 No 11
Several subsets? Glycolipid induced, IL-4, 1L-13, IL-17 No 14, 17
a-galactocylceramide,
Sphingomonas species
Type II NKT cells* Allergen-induced AHR in B,m ™'~ mice IL-4, IL-13 Yes 13

DN, Double negative (CD4 7).
“Type II NKT cells express NKT cell characteristics but not the invariant TCR.

production by NKT cells, which interact with lung macrophages,
resulting in significant IL-13 production by alternatively activated
macrophages.'' Viral infections are particularly important in
causing severe asthma exacerbations, and recent analysis of blood
from children with asthma during acute viral infection demon-
strated a notable increase in CD1d " IL-13 receptor—positive alter-
natively activated macrophages,26 which is consistent with this
murine model of virus-induced AHR."'

In several other situations in which AHR can develop in the
absence of adaptive immunity, environmental agents that enter
the lung might directly activate NKT cells to induce AHR. For
example, lipids from pollens (eg, cypress tree pollen) can directly
activate NKT cells®’ and might participate in the development of
asthma or at least in enhancing the development of pollen-specific
Tw2 cells. Glycolipids from microorganisms that enter the lungs
might also directly activate NKT cells and induce AHR because
we know that glycolipids from Borrelia burgdorferi, Sphingomo-
nas paucimobilis, and other bacteria'*?®2° can activate NKT cells
through direct or indirect pathways. The development of AHR in
the absence of adaptive immunity might not be so surprising be-
cause airway inflammation and AHR can develop in the absence
of T cells, for example through the administration of recombinant
cytokines, such as rIL-13" or rIL-33,?' although in this latter case
the effect might be mediated by IL-13 produced by mast cells or
basophils activated by IL-33. Therefore there might be many
pathways that lead to the development of AHR, some that require
adaptive immunity and some that entirely bypass T cells but re-
quire innate immunity, including subsets of NKT cells.

Does an important role for NKT cells invalidate the Ty2 para-
digm of asthma? Absolutely not because Ty2 cells are necessary
for responses to allergen and for the development of allergen-
induced AHR. It is counterproductive to argue whether Ty2 cells
are more important than NKT cells or vice versa, because both
adaptive and innate immunity are important in asthma and likely
interact and because many cell types are required for the develop-
ment of asthma, including T2 cells, NKT cells, mast cells, baso-
phils, eosinophils, neutrophils, epithelial cells, and smooth
muscle cells. Declaring that one cell type is more important
than another fails to appreciate the complexity of asthma and
the fact that many cellular and molecular pathways are involved
in the development of asthma.

NKT CELLS IN HUMAN ASTHMA

Although the studies of NKT cells in murine models of asthma
have been compelling and although other studies in mice were
essential in predicting the importance of other cell types in human
asthma, including Ty2 cells, regulatory T cells, Ty17 cells, and

dendritic cells, the clinical relevance of NKT cells in human
asthma must of course be established by study of patients with
asthma. To date, at least 14 studies have been performed examin-
ing bronchoalveolar lavage (BAL) fluid, endobronchial biopsy
specimens, or both from patients with asthma for the presence
of NKT cells.** Although most of these studies (10 reports) found
that NKT cell numbers were increased in the lungs of patients
with asthma, 4 of these studies concluded that NKT cell numbers
were not increased, > resulting in some disagreement regarding
the importance of NKT cells in asthma. It is possible that techni-
cal difficulties in identifying NKT cells, use of sputum rather than
BAL fluid samples, lack of appropriate control populations in
some studies, and, most importantly, differences in the patient
populations examined, particularly in terms of asthma severity,
might have contributed to the discrepancies observed. This last
point might be particularly important because a more recent study
of patients with a very broad range of asthma severity and symp-
tom control showed that the number of NKT cells present in the
lungs of patients with asthma varied a great deal, particularly
with asthma severity and asthma control.”’ Patients with severe,
poorly controlled asthma had a consistent and very significant in-
crease in the number of BAL fluid NKT cells compared with non-
asthmatic control subjects, whereas only about 50% of patients
with well-controlled (moderate-to-severe) asthma had detectable
increases in the number of BAL fluid NKT cells compared with
those seen in control subjects. Therefore the number of pulmo-
nary NKT cells is quite variable, and many, although not all, pa-
tients with asthma have an increase in the number of pulmonary
NKT cells. In contrast, healthy subjects consistently have unde-
tectable levels of pulmonary NKT cells.

The absence of detectable levels of NKT cells in the lungs of
some asthmatic patients (particularly patients with mild or well-
controlled asthma) cannot be interpreted as an indication that
NKT cells are not important in asthma. It is clear that the
importance of any given cell type is not determined by counting
the number of cells present but rather by defining its function.
Therefore the fact that NKT cells are present in the lungs of some
but not all patients with asthma suggests that the role of NKT cells
in asthma must be assessed by measuring NKT cell function, as
has been done in functional studies in mice. For example, allergen
or ozone challenge of wild-type but not NKT cell-deficient mice
increased the number of NKT cells present in the lungs, which
was associated with an increase in AHR. Similarly, allergen
challenge of patients with moderate-to-severe allergic asthma
resulted in a significant increase in the number of NKT cells
present in endobronchial biopsy specimens at 24 hours compared
with baseline values and was associated with a significant
increase in AHR.*® Although it was not possible in this study to
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determine whether the AHR response required the presence of
NKT cells, these results confirmed a clear increase in the number
of pulmonary NKT cells after allergen challenge in the asthmatic
patients®® and a clear absence of NKT cells in biopsy specimens
from healthy subjects, which are all consistent with allergen chal-
lenge studies in mice showing that the development of AHR
required the presence of NKT cells.

Other functional studies in mice that remain to be replicated in
human subjects have shown that the direct activation of even the
few NKT cells in the lungs of naive mice (eg, with the glycolipid
a-galactocylceramide) resulted in severe AHR, indicating an
important role for NKT cells in mediating AHR."* Similar func-
tional studies in human subjects have not yet been performed,
mainly for safety reasons. However, direct activation of pulmo-
nary NKT cells in nonhuman primates (cynomolgus monkeys)
with a-galactocylceramide resulted in the development of signif-
icant AHR.** Because monkeys are closely related to human sub-
jects in terms of their genome, respiratory physiology, and
immunologic responses, these results predict that human NKT
cells play an important functional role in asthma. Future func-
tional studies, however, will be necessary to more clearly define
the role of NKT cells in asthma. These studies should include
the examination of NKT cell number, phenotype, and function be-
fore and after allergen challenge; examination of AHR after aller-
gen challenge with and without blockade of NKT cell activation;
analysis of the phenotype and subsets of NKT cells present in the
lungs in patients with different forms of asthma; and analysis of
NKT cells before and after viral exacerbations of asthma.

SUMMARY AND CONCLUSIONS

Bronchial asthma is a complex problem involving many
different forms and pathogenic mechanisms. Although the Ty2
paradigm explains many features of asthma, there are many attri-
butes and characteristics of asthma that are not related to T2
cells, such as the presence in the lungs of neutrophils, IFN-vy,
and IL-17 and responses to viruses and oxidative stress/air pollu-
tion. Studies in mice and monkeys strongly suggest that many of
these features might be explained by the presence of a newly de-
scribed subtype of lymphocyte called NKT cells. These studies
show that distinct subsets of NKT cells are required for the devel-
opment of AHR in several different models of asthma involving
adaptive and innate immunity (allergen-induced, ozone-
induced, and virus-induced AHR). These studies therefore greatly
expand our understanding of several possible mechanisms that
might drive the development of asthma, particularly in the case
of asthma induced by viral infection and air pollution.

Validation of the concept that NKT cells contribute to asthma
clearly requires additional human studies because the current data
for human asthma are incomplete, and definitive conclusions
regarding the role of NKT cells in human asthma cannot yet be
made. NKT cells are present in the lungs of many but not all
patients with asthma, but such simple enumeration studies of
NKT cells in the lungs of asthmatic patients are not sufficient.
Nevertheless, the currently available studies of human asthma are
very consistent with those in murine and nonhuman primate
models and support an important role for NKT cells in human
asthma. Moreover, future functional studies of NKT cells in
human subjects with asthma will likely demonstrate the particular
situations and mechanisms by which NKT cells modulate the
development of AHR and asthma in human subjects.
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