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Purpose: Invariant natural killer T (iNKT) cells might play an important role in asthma pathogenesis in humans. Our previous study found no differ-
ence in the number of blood iINKT cells between asthma patients and controls. However, few studies have examined the function of blood iINKT
cells in human asthma. Methods: Twenty asthma patients and eight controls were included in this study. Blood iNKT cells were identified using
double staining with anti-Voi24 and anti-VB11 monoclonal antibodies (mAbs) or with 6B11 and anti-VB11 mAbs. Intracellular IL-4, IL-10, and IFN-y
cytokines were stained in blood iINKT cells using their respective mAbs and isotypes. In addition, their relationships with clinical parameters were
analyzed. Results: The number of Va24+VB11+NKT cells or 6B11+VB11+NKT cells did not differ between asthma patients and controls. However,
among Vo24+VB11+NKT cells, the proportion of IL-4+iNKT cells was increased in asthma patients compared to controls (7.0% £ 3.0% vs 0.5% =+
0.4%, P<0.05). There were no differences in the proportions of IL-10+or IFN-y+iNKT cells between the groups. The proportion of IL-4+cells among
6B11+VB11+NKT cells inversely correlated with FEV1, expressed as a percentage predicted value in asthma patients (Rs=-0.64, P<0.05, n=19).
Conclusions: Blood iNKT cells are thought to be Th2-like, and IL-4-producing iNKT cells may be associated with lung function in human asthma.
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INTRODUCTION

Asthma is characterized by chronic airway inflammation, air-
way hyperresponsiveness (AHR), and reversible airflow obstruc-
tion." It has been reported that natural killer T (NKT) cells might
play an important role in asthma pathogenesis.”> NKT cells are
unique CD1d-restricted T cells with the surface markers of NK
cells, and they act as a bridge between innate and acquired im-
mune responses. NKT cells secrete large amounts of Th1 or Th2
cytokines immediately following activation, which may affect
denderitic cells, NK cells, B cells, and conventional CD4+/CD8+ T
cells® Invariant NKT (iNKT) cells express very limited numbers
of T-cell receptors (TCR): Vo24-Ja18 for o chain and VP11 for B
chain in humans. They respond to a-galactosylceramide (a-
GalCer) and synthetic glycolipids from the marine sponge. iNKT
cells have a Vo24+VPB11+ double positive population. However,
iNKT cells can be identified with different markers. In the TCR o
chain, the Vo24 segment is joined with Ja18 in a germ-line con-
figuration, resulting in an invariant complementarity-determin-
ing-region (CDR) 3 loop. 6B11 is a monoclonal antibody direct-
ed against the CDR3 loop. Thus, the 6B11+VB11+ double-posi-
tive population can also be iNKT cells. Recently, iNKT cells have
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been reported to play essential roles in the development of oval-
bumin-induced,’ a-GalCer-induced,’ or ozone-induced® AHR in
a mouse model of asthma. Non-invariant NKT cells may also
function in the development of allergen-induced AHR.”

It has been reported that iNKT cells are increased in the air-
ways of patients with asthma®;, however, other studies have not
observed increased iNKT cells in asthma patient airways.” Re-
cently, the number of iNKT cells in induced sputum from pa-
tients with asthma and eosinophilic bronchitis have been ana-
lyzed. iNKT cells were found to be associated with the develop-
ment of eosinophilic airway inflammation," suggesting the
contribution of iNKT cells to eosinophilic airway inflammation
in human asthma. Additionally, it has been reported that the
number of peripheral blood iNKT cells decreases during asth-
ma exacerbation and is inversely associated with eosinophilic
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airway inflammation," suggesting that blood iNKT cells might
be mobilized to the airways and lungs during human asthma
exacerbation. Two studies'" suggest that iNKT cells in blood
and airways might behave like Th2-like iNKT cells in patients
with asthma. In contrast, another study determined the num-
ber of iNKT cells in the blood of stable asthma patients and
found an inverse association between blood iNKT cells and
atopic indexes, such as total serum IgE levels and atopy score
on skin prick testing,”” indicating that blood iNKT cells might
behave similarly to Th1-like iNKT cells in patients with asthma.
Thus, it remains unclear whether blood iNKT cells are Th1-like
or Th2-like type in human asthma. Recently, iNKT cells were
classified into various subsets: Th1-like, Th2-like, Th17-like, and
IL-10-producing iNKT cells.” Thus, iNKT cells may behave dif-
ferently in various allergic and autoimmune diseases.

In the present study, we aimed to determine whether blood
iNKT cells function as Th1-like or Th2-like cells in patients with
asthma, which may facilitate NKT cell-based immunotherapy
for treatment of human asthma in the future.

MATERIALS AND METHODS

Subjects

Twenty asthma patients and eight controls were included in
this study. Asthma was defined by the presence of reversible
airflow obstruction (increases in FEV1 >12% and >200 mL af-
ter bronchodilator test)"* or AHR in patients with typical asth-
matic symptoms. AHR was diagnosed if the concentration of
methacholine that provoked a 20% decrease in FEV1 (PC20)
was less than 25 mg/mL. Patient data, including spirometry,
bronchodilator tests, methacholine bronchial provocation tests,
skin prick tests, total serum IgE levels, blood eosinophils, and
medications, were obtained from medical records. The level of
asthma control and asthma treatment steps were classified ac-
cording to the Global Initiative for Asthma Guidelines."” Nor-
mal controls had no symptoms or history of allergic diseases,
including asthma, rhinoconjunctivitis, and atopic dermatitis.
All subjects agreed to participate in the study and provided
written consent. The Ethical Review Board of Chonnam Na-
tional University Hospital approved this study.

Spirometry

Spirometry was performed using a spirometer (Spiro Analyz-
er ST-250, Fukuda Sangyo, Tokyo, Japan). Three reasonably re-
producible efforts, with less than 5% difference between the
two best, were required. FEV1 was measured, and values for the
best effort were used in each case.

Skin prick tests and atopy

A standardized skin prick test was performed using 12 com-
mon aeroallergens (Dermatophagoides pteronyssinus, D. fari-
nae, cat, dog, Alternaria tenuis, trichophyton, cockroach, alder,
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birch, orchard, mugwort, and ragweed; Allergopharma, Rein-
bek, Germany) as previously described.'? A subject was classi-
fied as atopic if any allergen caused 3 mm or larger wheal com-
pared to the negative controls.

Flow cytometric analyses of iNKT cells and intracellular cytokines

Heparinized blood was layered over an equal volume of Lym-
phoprep™ (Axis-Shield PoC AS, Oslo, Norway) solution, which
was centrifuged at 2,000 rpm for 30 minutes. Peripheral blood
mononuclear cells (PBMCs) were isolated from the interface
and used to determine the number of iNKT cells, as described
previously."

PBMCs were incubated at 4°C for 30 minutes with fluoro-
chrome-conjugated monoclonal antibodies, including PE-6B11
(BD Biosciences, San Jose, CA, USA) or PE-anti-TCRvo.24
(Beckman Coulter, Marseille, France) and APC-anti-TCRvf11
(BD Biosciences). PE-mouse IgG: (BD Biosciences) and APC-
mouse IgG, (BD Biosciences) were used for isotype control an-
tibodies. For intracellular staining of iNKT cells, fixation and
permeabilization were performed using Cytofix/Cytoperm kits
(eBiosciences) according to the manufacturer’s instructions.
These cells were incubated with FITC-IL-4 mAb (BD Bioscienc-
es), FITC-IFN-y mAb (BD Biosciences), or FITC-IL-10 mAb (BD
Biosciences). IgG: isotype control (BD Biosciences) was used. Af-
ter gating the lymphocytes, the frequency of Va24+VB11+ or
6B11+VB11+iNKT cells was expressed as a percentage of lympho-
cytes. Intracellular IL-4+, IFN-y+or IL-10+cells were presented as
apercentage of Vo24+VB11+ or 6B11+VP11+NKT cells (Fig. 1).

Statistical analyses

Data are expressed as the means+standard error of the mean.
To examine differences between the 2 groups, Student’s /-tests
for continuous variables were used. Pearson’s chi-square tests
were used to determine the associations between categorical
variables. Correlations between parameters were analyzed us-
ing Spearman’s rank-correlation coefficient (Rs) (SPSS 17.0 for

(A) Vo24+VB11+NKT

U.4m

‘J‘80.5

|

V24
|

9% of Max
% of Max

/

VB IL-4 [FN-y

SSC

(B)6B11+VB11+NKT

FC - \ lg_gm

VBT IL-4 IFN-y

|
1980
A7 |

!

6B11
% of Max
% of Max

/1
/|

Fig. 1. Representative flow cytometry analyses of intracellular IL-4 and IFN-y
cytokines in Vo24+VB11+NKT cells (A) or 6B11+VB11+NKT cells (B).
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Windows; SPSS Inc., Chicago, IL, USA). Values of P less than
0.05 were considered to indicate statistical significance.

RESULTS

Characteristics of the subjects

Asthma patients were diagnosed by positive methacholine
bronchial provocation tests in 10 (50.0%) subjects and by signif-
icant reversible airway obstruction in 10 (50.0%) subjects. Asth-
ma patients were older than the controls, but there were no dif-
ferences in gender, body mass index, smoking habits, and the
presence of atopy. Most asthma patients had accompanying
rhinitis symptoms (Table 1). Mean values of FEV1, total serum
IgE, and blood eosinophils in subjects are shown in Table 1.
Asthma was controlled in 18 (90.0%) patients and uncontrolled
in 2 (10.0%) patients. Asthma medications were step 1 in 2
(10.0%) patients, step 3 in 1 (5.0%) patient, step 4 in 15 (75.0%)
patients, and step 5 in 2 (10.0%) patients. Eighteen patients
have been taking regular anti-asthma medications, including
inhaled corticosteroids, long-acting 2 agonists, leukotriene re-
ceptor antagonists, and/or sustained-released theophylline.
The average time taking the medications was 22.7+4.5 months.

Intracellular cytokine production from iNKT cells

The number of Vo24+VB11+iNKT cells (0.2+0.1% vs 0.2+0.1%,
P>0.05) and 6B11+VP11+iNKT cells [0.2+0.1% (n=19) vs
0.07+0.01% (n=7), P>0.05] did not differ between asthma pa-
tients and controls, as reported previously.'*

Table 1. Characteristics of the subjects

Controls Asthma patients

Number (n) 8 20
Age (year) 300£17 455+32*
Female (n, %) 4(50) 8(40)
Body mass index 21.7£11 241+08
Smoking habits (n, %)

Current 0(0) 8(40.0)

Ex-smoker 0(0) 1(5.0)

Never 8(100) 11(55.0)
Symptom duration (yr) 90+19
Rhinitis (n, %) - 18(90.0)
Atopy (n, %)" 4(50) 10(50.0)
FEV1 (% pred.) 91.6+36
PC20 (mg/mL) 39+19
Serum total IgE (IU/mL) 666.9+221.6
Blood eosinophils (per pL) 370.0+548

*P<0.001 compared to the control. FEV1: forced expiratory volume in one sec-
ond, PC20: concentration of methacholine that provoked a 20% decrease in
FEV1. 'Subjects was classified as atopic if any allergen caused a wheal with a
diameter of 3 mm or larger than that yielded by saline.
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Intracellular cytokines were determined in Va24+VB11+iNKT
cells. The frequency of IL-4+cells was higher in the asthma
group compared to controls (Fig. 2). However, the frequency of
IFN-y+cells or IL-10+cells did not differ between the 2 groups
(Table 2).

We also analyzed intracellular cytokine production from
6B11+VP11+NKT cells. IL-4 production from iNKT cells was
increased in asthma patients compared to controls; however,
the difference was not significant. IFN-y or IL-10 production
did not differ between asthma patients and controls (Table 2).

The relationship between IL4+ iNKT cells and clinical parameters

Because IL-4 production from blood iNKT cells was increased
in patients with asthma, we determined whether IL-4+iNKT
cells were related to the clinical parameters. The proportion of
total IL-4+cells from 6B11+VB11+iNKT cells was inversely cor-
related with FEV1 expressed as a percentage predicted value in
asthma patients (Rs=-0.64, P<0.05, Fig. 3). The proportion of
IL-4+cells from Va24+VP11+iNKT cells was higher in asthma
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Fig. 2. Comparison of the proportion of IL4+ cells in Vo24+VB11+ iNKT cells be-
tween asthma subjects (n=20) and controls (n=8).

Table 2. Intracellular IL-4, IFN-y, and IL-10 production by blood iNKT cells

Control Asthma

Va24+VB11+INKT cells

Number (n) 8 20

IL-4+cells (%) 05104 6.9+29*

IFN-y+cells (%) 3H.0£129 540+84

IL-10+cells (%) 04+03 0.1£01
6B11+VB11+NKT cells

Number (n) 7 19

IL-4+cells (%) 03+02 49+35

IFN-y+cells (%) 224196 319491

IL-10+cells (%) 0.1£01 05+03

*P<0.05 compared to the control. The proportion of cytokine-stained cells was
analyzed after gating on Vo24+VB11+NKT cells or 6B11+VB11+NKT cells, as
shown in Fig. 1.
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Fig. 3. Relationship between the proportion of IL-4+cells in 6B11+VB11+NKT
cells and FEV1, expressed as percentage predicted values, in asthma patients.

patients on step 4 and 5 medications (8.0 £3.4%, n=17) com-
pared to those on step 1 and 3 medications (1.1+£0.9%, n=3);
however, the difference was not significant (P=0.406).

DISCUSSION

Although the number of iNKT cells was similar, the present
study showed that blood iNKT cells produced more IL-4 in
asthma patients compared to normal controls. Additionally, the
number of IL-4-producing blood iNKT cells was inversely relat-
ed to lung function in subjects with asthma. Our findings sug-
gest that blood iNKT cells may belong to the Th2-like subset
and thereby contribute to lung function in human asthma.

It has been reported that the number of blood iNKT cells is in-
versely related to atopic indices in asthmatics.”” Based on the
present findings, blood Th2-like iNKT cells may migrate to the
lungs and airways in asthma patients with more severe airway
atopic or allergic inflammations. Thus, the number may be de-
creased in patients with higher atopic indexes. Additionally,
blood iNKT cells have been shown to be reduced during acute
asthma exacerbations compared with convalescence." This
phenomenon could be explained by blood Th2-like iNKT cells
moving to the lungs as the acute exacerbation episode pro-
ceeds. Blood iNKT cells were restored to normal ranges during
convalescence. Blood iNKT cells have been reported to be re-
duced in number in asthma patients with sputum eosinophil-
ia."! Thus, in patients with asthma, all blood and lung iNKT cells
may be of the Th2-like subset, which may contribute to eosino-
philic airway inflammation. In another study, sputum iNKT
cells were reported to be associated with eosinophilic airway
inflammation." iNKT cells were found to be increased in lung
tissue after allergen challenges in patients with asthma.'® 1L-4
production from o-GalCer-stimulated blood iNKT cells was in-
creased in asthma patients compared to controls."” In children
with asthma, increased IL-4 secretion from iNKT cells has been
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observed during acute exacerbations compared to those with
stable asthma or normal controls.” These human studies also
suggest that blood iNKT cells in asthmatics may be of the Th2-
like subset, which is consistent with our findings. Th2-like iNKT
cells express IL-17RB and have been reported to contribute to
AHR development in an IL-25-dependent manner in the
lungs."

Regarding IFN-y from blood iNKT cells, we did not find any
significant differences between asthma patients and controls,
which is consistent with the findings by Yan-Ming et al."” Car-
pio-Pedroza et al. reported less IFN-y production from iNKT
cells during acute exacerbations of asthmatics.'® In asthma,
IFN-y production from blood iNKT cells may be normal or re-
duced.""®

In the present study, the frequency of IL-10-producing iNKT
cells was not altered in subjects with asthma. However, Yan-
Ming et al. reported that IL-10 production from iNKT cells was
reduced in asthma patients.'” Bosma et al. determined the fre-
quency of blood IL-10-producing iNKT cells from patients with
systemic lupus erythematosus and found the frequency was in-
creased compared to controls.” Although the role of IL-10-pro-
ducing iNKT cells in asthma is not known, they might play a
regulatory role in asthma pathogenesis, similar to regulatory T
cells in asthma and allergic diseases. iNKT cells may include
Foxp3-expressing subsets.” However, further studies are needed.

Th2-like iNKT cells, as well as conventional Th2 cells, are as-
sumed to play an important role in asthma pathogenesis. It is
possible that Th2-like iNKT cells contribute to the severity of
asthma. The present study showed that Th2-like iNKT cells
were related to lung function. Additionally, Th2-like iNKT cells
tended to be increased in patients taking more anti-asthma
medications. Because more medications might correlate with
more severe asthma, Th2-like iNKT cells might be increased in
patients with severe asthma.

Based on the previous studies,*'*** it is unlikely that anti-asth-
ma medications reduce IL-4 production by iNKT cells. In con-
trast, blood Th2-like iNKT cells were increased in patients tak-
ing more asthma medications. Recently, asthma treatment
have focused on conventional Th2 cells rather than iNKT cells.
However, a new therapeutic agent that modulates iNKT cells
could be effective for the control of severe asthma, particularly
asthma refractory to inhaled corticosteroids and leukotriene re-
ceptor antagonists. It has been reported that allergen-specific
immunotherapy restores IL-4 and IL-10 production from iNKT
cells to normal ranges in house-dust-mite-sensitized asthma
patients."”

iNKT cells can be defined by staining as either the Va24+VB11+
or 6B11+VB11+population. However, it is possible that there are
minor differences between Va24+Vp11+NKT cells and 6B11+
VB11+iNKT cells. Va24+cells may include non-invariant and
non-CD1d-restricted Vo24+T cells. Thus, Vo24+staining could
lead to overestimation of iNKT cell numbers compared to
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6B11+staining. Va24+Vp11+staining may be more sensitive and
less specific than 6B11+Vp11+staining for identifying iNKT
cells. Further studies are needed to elucidate which form of
iNKT cells plays a more important role in asthma pathogenesis.

Collectively, our data showed that blood iNKT cells are likely
Th2-like and may be associated with lung function in human
asthma.
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