Published October 18, 2010

anti-Ser5-P RNAPII (Abcam), ant-Ser2-P RNAPII (Abcam), anti-MLL
(Bethyl Laboratories, Inc.), anti-Bmil (Santa Cruz Biotechnology, Inc.),
anti-STAT6 (Santa Cruz Biotechnology, Inc.), anti-Menin (Bethyl Labora-
tories, Inc.), anti-Suz12 (Abcam), and antd-EZH2 (Diagenode). The anti-
bodies used for EMSA were anti-STAT6 (Santa Cruz Biotechnology, Inc.),
anti-CBP (Abcam), and anti-p300 (Millipore). The antibodies used for cyto-
plasmic staining were anti-IFN-y-FITC, anti~IL-4-PE, and anti-GATA3~
Alexa Fluor 647 (BD).

The generation of Th1 and Th2 cells. Th1/Th2 cells were generated as
previously described (Yamashita et al., 2006). In brief, splenic CD4 T cells
were stimulated with 3 pug/ml of immobilized anti—-TCR-B mAb plus 1 pg/ml
anti-CD28 mAb under the Th1 or Th2 culture conditions for 5 d in vitro.
Th1 conditions were as follows: 25 U/ml IL-2, 10 U/ml IL-12, and anti-IL-4
mAb. Th2 conditions were as follows: 25 U/ml IL-2 and 100 U/m] IL-4.
These cells were used as either Th1 or Th2 cells.

Establishment of fully developed Th2 cells. Splenic CD4 T cells from
DO11.10 OVA-specific TCR transgenic mice were stimulated with an
OVA peptide (1 uM Loh15) plus APC under Th2 culture conditions for 5 d
in vitro. The Th2 cells were further cultured in vitro for 2 d in the absence
of any exogenous cytokines. The cultured CD4 T cells were then restimu-
lated with OVA peptide (1 pM Loh15) plus APC with IL-2 and anti-IL-4
mAb for 5 d. This cycle was then repeated more than three times.

Quantitative RT-PCR. Total RNA was isolated using the TRIZOL re-
agent (Invitrogen). cDNA was synthesized using oligo (dT) primer and
Superscript I RT (Invitrogen). Quantitative RT-PCR was performed as
described previously using a sequence detection system (ABI Prism 7500;
Applied Biosystems; Yamashita et al., 2006). The primers and TagMan
probes for the detection of GATA3, Bmil, EZH2, Menin, MLL, and
HPRT were purchased from Applied Biosystems and Roche, respectively.
The specific primers and Roche Universal probes used are described in
Table S1. The expression was normalized by the HPRT signal.

ChIP assay. ChIP was performed using ChIP assay kits (Millipore) as previ-
ously described (Yamashita et al., 2006). Quantitative representations of the
results are shown as relative band intensities measured by a densitometer
(AE6905H [ATTO] and CS Analyzer version 2.08b). The specific primers
used are described in Table S1. Real-time quantitative PCR analysis was
performed on an ABI Prism 7500 real time PCR machine with TagMan
probes and primers (sequences available in Table $1). To calculate the en-
richment of each protein to a particular target DNA, values obtained (via the
standard curve method) for each target were divided by the amount of the
corresponding target in the input fraction. Enrichments obtained from mock
immunoprecipitations performed in parallel with normal IgG were then sub-
tracted from the enrichment values obtained with specific antibodies ([spe-
cific antibody ChIP — control Ig ChIP)/input DNA). All the enrichments
are expressed as a function of the highest enrichment obtained on the locus
(set to 10; Demers et al., 2007).

EMSA. EMSAs were performed using a gel shift assay system (Promega) as
described previously (Kimura et al., 2005). In brief, the nuclear extracts
were incubated at room temperature with a *?P-labeled, double-stranded
oligonucleotide in DNA-binding buffer. In some experiments, the nuclear
extracts were preincubated at 4°C with specific antibodies. Electrophoresis
was conducted on 4% native polyacrylamide gel (acrylamide/bisacrylamide
ratio 29:0.8 in 0.5X Tris-borate-EDTA), and the radioactivity was visual-
ized by autoradiography. The oligonucleotides used in this experiment
were normal probe $4, 5'-CTTGGCGITCAAGAGAATTCTCAA-3';
mutant probe S$4, 5'-CTTGGCGTTCGGTTTAATTCTCAA-3"; nor-
mal probe S§7, 5'-AGCCAACTTCCTAGGAAAAAGCTG-3'; and mu-
tant probe S7, 5'-AGCCAACTTCAGTTTAAAAAGCTG-3'. The
STAT6 consensus motif is underlined, and the mutated nucleic acids are
shown in italicized and bold characters.
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TSA treatment. STAT6-deficient splenic CD4 cells were cultured under
Th2 conditions, and 10 nM TSA (Sigma-Aldrich) was added in the culture
on day 2. After another 3-d culture, CD4 T cells were collected for the
ChlIP assay and RT-PCR.

Retroviral vectors and infection. The pMX-IRES-hNGFR plasmid was
generated as previously described (Shinnakasu et al., 2006). Retrovirus vec-
tors containing STAT6VT cDNA (pMXs-STAT6VT-IRES-hNGFR; Daniel
etal., 2000) or STAT6VT dDBD cDNA (pMXs-STAT6VT-dDBD-IRES-
hNGFR) were used. The infected cells were enriched by magnetic cell
sorting with anti-hNGFR (clone C40-1457; BD) and were subjected to a
ChIP assay.

A resting and restimulation culture system. Naive CD4 T cells from
Menin-deficient mice were cultured under Th2 conditions for 5 d. The Th2
cells were further cultured for 2 d in the absence of cytokines added and then re-
stimulated with and-TCR mAb in the presence of IL-2 and anti~IL-4 mAb for
an additional 5 d. This cycle was then repeated. PcG/TrxG binding and histone
modifications were detected by ChIP assays, and the GATA3 expression was
determined using quantitative RT-PCR at the end of the each cycle.

Immunoblot analysis. Cytoplasmic extracts and nuclear extracts were pre-
pared using NE-PER Nuclear and Cytoplasmic Extraction Reagent (Thermo
Fisher Scientific). The antibodies used for the immunoblot analysis were
anti-histone H3 (Abcam), anti-Erk1 (Santa Cruz Biotechnology, Inc.), anti-
MLL (Bethyl Laboratories, Inc.), anti-Bmil (Santa Cruz Biotechnology,
Inc.), anti-Menin (Bethyl Laboratories, Inc.), and anti-EZH2 (Diagenode).

ChIP-seq and Ilumina sequencing. For ChIP-seq analysis, immuno-
precipitate and input samples were prepared using ChIP-Seq Sample Prep kit
(Mumina, Inc.). Adaptor-ligated DNA fragments were size-fractionated by
12% acrylamide gel, and the 150-250-bp fraction was recovered. DNA thus
obtained was amplified by 18 cycles of PCR. 1 ng of the DNA was used for
the sequencing reaction of the GAIlIx (Illumina, Inc.) according to the man-
ufacturer’s instructions. 150,000-250,000 clusters were generated per tile,
and 36 cycles of the sequencing reactions were performed. Short-read se-
quences were aligned to the mouse genome sequences (mm9 as from the
University of California, Santa Cruz Genome Browser) using the Eland pro-
gram. Sequences allowing no more than two mismatches per sequence were
used for the analysis.

Online supplemental material. Fig. S1 shows the real PCR product
bands of the results shown in Fig. 1 C. Fig. S2 shows expression of Bmil,
EZH2, Menin, and MLL in naive CD4 T cells, Th2 cells, and fully devel-
oped Th2 celks. Fig. S3 shows the binding pattern of phosphorylated RNA-
PIl at the GATA3 gene locus. Fig. $4 shows that expression of Bmil, EZH2,
Menin, and MLL was not affected by TSA treatment in the STAT6-
deficient Th2 cells. Fig. S5 shows phenotypic characterization of peripheral
CD4 T cells in Menin-deficient mice. Fig. S6 shows the levels of total H3 at
the GATA3 gene locus in Menin-deficient Th2 cells. Fig. S7 shows IL-4/
STAT6-independent maintenance of GATA3 expression in developed Th2
cells. Fig. S8 shows binding of Menin protein to specific regions around the
GATA3 gene locus. Table S1 shows primers and probes used for ChIP and
RT-PCR. Online supplemental material is available at http://www.jem
.org/cgi/content/full/jem.20100760/DC1.
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Role of NKT cells in allergic asthma
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T helper 2 (Th2) cells play crucial roles in the development
of allergic asthma, while various distinct cell populations
also contribute to the pathogenesis of the disease. Invariant
natural killer T (iNKT) cells produce large amounts of
cytokines such as IL-4 and IFNvy upon stimulation with a ligand,
a-galactosylceramide, and regulate various immune
responses. Recently, a critical role of INKT cells in the mouse
model of asthma and also in asthma patients has been
reported, while some contradictory results have also been
described. Here, we summarize the experimental results in
mouse and human systems, and discuss the current
understanding of the role of NKT cells in the pathogenesis of
asthma, including a possible mechanism by which iNKT cells
are activated in asthma patients.
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Introduction

It is well established that CD4" 'T" helper 2 ('Th2) cells
play an important role in allergic disorders by producing
Th2 cytokines [1]. IL-4 induces antigen-specific IgE
production from B cells, and IgE and antigen activate
mast cells to release various chemical mediators. IL-5
induces the development, activation and survival of cosi-
nophils, while IL-13 induces airway hyperreactivity
(AHR) and mucus hyper production [2]. Animal studics
investigating these processes are very helpful to explain
the mechanisms underlying the development of allergic
asthma. However, in asthma paticents, several types of
therapies targeted to these Th2 cytokines were not as
cffective as many investigators expected [3]. Indeed
many patients show a non-allergic form of asthma in
which no allergen-specific IgE are detected. Further-
more, it is well known that Th2 cell-independent factors
such as viruses, air pollution, and exercise induce and/or

exacerbate asthma symptoms. In addition, it has been
reported that non-"Th2 factors such as IFNv, IL-17, and
neutrophils contribute to severe asthma and steroid-
resistant asthma [4,5]. These results indicate that T'h2
responses arc not obligatory in the development of
asthma.

Natural killer T (NK'T') cells belong to a novel lymphoid
lineage distinct from 'I" cells, B cells or NK cells. NK'T'
cells are characterized by the expression of a restricted
repertoire of T cell receptors (T'CRs) consisting of Val4
and Jal8 (in mice) or Va24 and Jal8 (in humans) [6].
T'hese receptors are associated with a highly skewed set
of VBs, mainly VB8.2 (in mice) and VB11 (in humans).
Since these T'CRs are highly restricted, NK'T cells having
these receptors are called invariant NK'T cells (iNK'T
cells). The most potent and well-analyzed ligand for the
iNK'T antigen receptor is a glycolipid, a-galactosylcera-
mide (a-GalCer), which is exclusively presented by
CD1d, a monomorphic class Ib molecule. Activated
iNK'T cells play critical roles in the regulation of various
immune responses, such as allergic inflammation, anti-
tumor immunity and autoimmune responses.

Upon activation, iNK'T cells produce a large amount of
both type 1 and type 2 cytokines, that is, IFN+y and IL-4/
IL-5/1L-13. Therefore, INK'T cells may inhibit or exacer-
bate allergic responses. The activation of iNK'T cells with
a-GalCer at the sensitization phase attenuated allergic
airway inflammation and 'T'h2 responses via production of
IFNy [7,8,9°]. In these reports, iINK'T cells showed a
suppressive function rather than promoting discase. On
the other hand, many investigators have examined
whether experimental allergic asthma is induced in INK'T
cell-deficient mice or whether the activation of iINKT
cells in the lung results in the development of asthma
symptoms in mice. INK'T cells from patients with asthma
were also assessed to reinforce the relationship between
iNK'T cells and allergic discase. In human studies, both
positive and negative results regarding the contribution of
iNK'T' cells in asthma were reported [10°°,11°°]. We
herein focus on the role of INK'T cells in the pathogenesis
of asthma in animal models and discuss the contribution
of iNK'T cells to human asthma.

Do NKT cells induce experimental allergic
asthma?

Activated iINK'T" cells may induce allergic asthma symp-
toms independently from Th2 cells. To address this
question, Akbari ¢ a/. assessed OVA-induced airway
heperreactivity (AHR) and airway inflammation in iNK'T
cell deficient Ja281 KO and CD1d KO mice. This study
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Figure 1
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iNKT cell-dependent AHR and airway inflammation were attenuated in CD69-deficient mice. To examine the role of CD69* iNKT cells in NKT cell-
dependent asthma, 1.5 g of a-GalCer was administrated intranasally into wild type mice (WT) and CD69-deficient (KO) mice. (a) AHR in WT and CD69
KO mice 24 hours after a-GalCer treatment. Airway resistances were assessed in an invasive system as described previously [46]. (b) Decreased
infiltrated leukocytes in BALF of CD69 KO mice after intranasal administration of a-GalCer. 24 hours after «-GalCer treatment, BALF of WT and CD69
KO mice were collected. Mean values (5 mice per group) are shown with SDs. *P < 0.05 and **P < 0.01, student ¢ test.

showed a significant defect in the development of AHR
and inflammation in the absence of iNK'T cells [12]. The
authors concluded that iNKT cells are required for the
development of AHR and airway inflammation. The
administration of anti-CD1d antibodies or a CD1d-de-
pendent antagonist can also suppress OVA-induced AHR
and airway inflammation [13,14°]. The respiratory admin-
istration of a-GalCer rapidly induced AHR and inflam-
mation in naive mice and this effect was seen even in
naive MHC class II-deficient mice, which lack conven-
tional CD4 T cells [15]. In addition, a particular subset of
iNK'T cells that lack the NK1.1 marker produced IL-17
and induced neutrophilic infiltration following the intra-
nasal administration of o-GalCer [16]. We recently
reported that CD69" Th2 cells play a crucial role in
OVA-induced airway inflammation and AHR [17]. As
shown in Figure 1, a-GalCer-induced AHR and leuko-
cyte infiltration, including neutrophilic infiltration was
attenuated significantly in CD69-deficient mice, indicat-
ing that activated INKT cell-mediated asthmatic
responses were dependent on CD69. Thus, CD69* iNK'T
cells may play a critical role in the development of AHR
and airway inflammation. Matangkasombut ¢7 @/. demon-
strated that the direct activation of pulmonary iNK'T cells
with a-GalCer in non-human primates resulted in the
development of AHR, indicating that pulmonary iNKT
cells are critical effector cells in this model [18].

However, there are several reports indicating that iNKT
cells are dispensable for allergic airway inflammation.

Allergic inflammation occurred normally under certain
conditions in CD1d-deficient mice and B2-microgloblin
(82m) KO mice that lack iNKT cells [19]. More recently,
however, Koh ez a/. found that AHR can develop in $2m
KO mice [20]. In this report, they concluded that non-
classical NK'T cells, which are restricted to a B2m-inde-
pendent form of CD1d contribute to the development of
AHR. Although the reason is not clear, these discrepan-
cies in the results obtained from B2m KO mice may be
due to the difference in the experimental systems used.

iNKT cells in asthma patients

In order to identify the possible role of iNKT cells in
human asthma, several investigators assessed the number
of iINK'T cells in asthma patients (‘I'able 1). An initial
report was published in 2006 by Akbari ez /. reporting that
more than 60% of CD4 T cells in the bronchoalveolar
lavage fluid (BALF) from asthmatic patients were iNK'T
cells, while NK'T cells were not observed in patients with
sarcoidosis or in healthy controls [21]. Two other groups
published supportive reports in the same year [22-24].

However, four other groups performed similar studies
and concluded that iNK'T cells did not increase in the
patients with asthma [25-29]. Vijayanand ez a/. reported
thatiNK'T cells were found in low numbers in the airways
of patients with asthma, COPD or healthy controls with
no significant differences between the three groups [26].
Mutalithas ez a/. also reported similar results in the BALF
[27]. Moreover, the influx of INK'T cells into the airways
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Table 1

iNKT cells in patients with asthma

Year INKT cells are

pathogenic not pathogenic
2006 Akbari About 60% of CD4*CD3* cells in Thomas Only 0.4-2.1% of lymphocytes in BALF of

BALF from patients with severe asthmatic patients were 6B11+ NKT cells [25]
asthma were CD1d-restricted
NKT cells [21]

Pham-ti The frequency of CD1d-restricted NKT
cells in BALF from severe asthmatic
children was higher than in BALF
from controls [22,23]

Hamzaoui The number of CD3*CD56*NKT cells
in the sputum of severe asthmatic
patients is increased as compared to
that of controls [24]

2007 Vijayanand Fewer than 2% of CD4T cells were CD1d-restricted,
6B11* or Va24™ NKT cells in airway biopsy, BALF,
and sputum of mild or moderately severe asthmatic
patients and controls [26]

Mutalithas The presence of 6811* NKT cells in BALF of mild
asthmatic patients was not significantly higher
than that of controls [27]
Thomas Approximately 1% of lymphocytes were
6B11"Va24*NKT cells in BALF and this did not
increase with an antigen challenge [28]
Bratke Less than 1% of T cells were 6B11°NKT cells in
BALF of mild asthma patients [29]
2009 Matangkas CD1d-restricted NKT cells in BALF
ombut of severe or mild asthmatic patients
increased (readdressed) [30*"]
Reynold CD1d-restricted NKT cells increased
in lung specimens from mild asthmatic
patients as compared to those from
controls [31]
2010 Koh Va24* or 6B11* NKT cells were

significantly increased in sputum from
patients with asthma as compared to
those from controls [32]

BALF, bronchoalveolar lavage fluid.

was not observed after segmental allergen challenge
[28,29].

By contrast, all studies we have identified from 2008
emphasized the existence of, and an increase in iINKT
cells in patients with asthma [30°°,31,32]. Matangkasom-
but ez a/. readdressed the issue regarding the number of
INK'T" cells in BALF from patients with severe asthma
[30°°]. They confirmed that patients with severe asthma
had a significant increase in the number of iNK'T cells as
compared to healthy controls. In this report, however, the
numbers of iNK'T cells were 2-7% of total CD3" cells in
BALF of asthmatic patients. Only one patient with severe
asthma had 64.5% NK'T cells. Reynolds e7 @/. supported
this idea using lung biopsies with allergen challenge [31].
At present, it is unclear why studies on iNK'T' cells in
asthma patients have provided divergent results. How-
cver, as the filed matures it is becoming more evident that
iNK'T cells likely do play a role in the development and
possibly exacerbation of allergic asthma. In addition, the

studies of iINK'I" cells in other asthma etiologies, such as
chronic, occupational, steroid-resistant, exercise-induced,
and aspirin-induced asthma, where Th2 cells may not
play a major role, could provide new insights into these
types of discases.

What activates iNKT cells in vivo?

Even if activated iNK'T cells can cause and exacerbate
allergic asthma, a-GalCer is a component of a marine
sponge and it is very rare to be exposed to a-GalCer
during daily life. Respiratory organs are continually
exposed to environmental stimuli including allergens,
pathogens, and air pollution. Several studies indicate that
substances naturally occurring in our environment may
activate iINK'I" cells and develop or exacerbate allergic
airway inflammation.

T'he invariant "T'CR of iNK'I cells recognizes glycolipids
from bacteria such as Sphingomonas, Borrelia, and Leish-
mania species [33]. Glycolipids purified from Sphingoma-
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nas cell wall induced rapid AHR after respiratory admin-
istration in WI" mice but not iNK'T-deficient mice [15].
Once iNK'T cells are activated by virus antigen, they
stimulated macrophages to produce IL-13, resulting in
the development of AHR and mucus production inde-
pendently from the adaptive immune response [34]. It is
well known that respiratory infection exacerbates the
symptoms of allergic discases under certain conditions.
Therefore, iNKT cells activated by glycolipid from
pathogens may contribute to the development and
exacerbation of asthma symptoms in humans.

Ozone, as an air pollutant, has been reported to be
associated with asthma [35,36]. Even in healthy individ-
uals, exposure to ozone resulted in the development of
AHR, associated with airway epithelial cell damage and
increased numbers of neutrophils. Asthmatic patients
appeared to be more susceptible to the adverse effects
of this pollutant. Pichavant ez a/. showed that iNK'T cells

Figure 2

were required for ozone-induced asthma through
production of IL-17 in the mouse lung [37]. Although
it is not clear how ozone activates iINK'I" cells, NK'T cells
activated by ozone can induce a form of asthma that is
characterized by ncutrophilic infiltration and AHR.

Recently, several cytokines involved in the initiation and
amplification of 'T'h2 responses were reported [38]. IL-25
also known as IL-17E, a member of the structurally
related IL-17 cytokine family, is produced by activated
T'h2 cells, epithelial cells, basophils, and mast cells and is
capable of enhancing AHR. Administration of recombi-
nant IL-25 induced Th2 type responses, including
increased serum IgE levels, cosinophilia, pathological
changes in the lung, and AHR. These symptoms induced
by IL-25 were not observed in iNKT cell deficient mice
[39°,40]. T'ransfer experiments of iNKT cells showed
that iNK'T cells expressing IL-17 receptor B (IL-
17RB) are essential for IL-25-induced AHR. Thymic
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Activated iNKT cells and Th2 cells in the development of AHR and airway inflammation. Th2 cytokines produced by antigen-specific Th2 cells can
cause allergic asthma phenotypes through IgE induction, mast cell activation, eosinophilic infiltration into the Ilung, and AHR. Lung iNKT cells are
activated by environmental substances or pro-Th2 cytokines. The activated iNKT cells induce AHR and infiltration of neutrophils predominantly in the

airway by producing IL-13 and IL-17, respectively.
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stromal lymphoprotein (I'SLP) is produced by epithelial
cells, mast cells, and basophils, and is considered to play
an important role in experimental models of asthma. The
targets of 'T'SLP are 'I" cells, mast cells, basophils and
dendritic cells (DCs). In addition, Nagata ez /. showed
that T'SLP also acts on iNK'T cells to enhance AHR by
up-regulating their production of IL-13 [41]. 1L-33 is an
IL-1 family member whose expression is also increased in
cpithelial cells in asthmatic patients. 11.-33 enhanced the
production of Th1 and Th2 cytokines in activated iNK'T
cells [42,43]. Based on these results, natural ligands in the
environment may activate iNK'T' cells to induce allergic
asthma, and pro-"Th2 cytokines such as IL-25, 'T'SLP and
IL.-33 may exacerbate the allergic symptoms.

How do iNKT cells control Th2 immune
responses?

One enigma is the dynamics of iNK'T cell accumulation
in the lung during airway inflammation. Since the num-
ber of iINK'T' cells in the lung, lymphoid organs and
PBMCs of humans and mice is very low (<0.1%) as
compared to that of 1" cells or NK cells [44], it is curious
how iNK'T cells contribute to asthmatic symptoms. It is
not known whether iNK'T cells are activated and pro-
liferated in the asthmatic lung or if activated iNK'T cells
migrate from lymphoid organs to the lung. We recently
visualized the migration of antigen-specific Th2 cells
into the lung in living mice after antigen exposure in
the airway [45]. Using this /7 vive live imaging system,
visualization of the migration and localization of INK'T'
cells in the lung may provide important insights into
these questions. In addition, possible cell—ell inter-
actions between iNK'I cells and various types of APCs,
cpithelial cells or Th2 cells in the asthmatic lung would
be another interesting issue that may be clarified using 7»
vIve imaging systems.

Conclusion

Figure 2 illustrates the role of activated iNK'T" cells and
Th2 cells in AHR and airway inflammation. Both acti-
vated iNK'T cells and Th2 cells produce various cyto-
kines in the lung and induce AHR and airway
inflammation. In the murine experimental model of
asthma, activated INKT cells appear to contribute as
cffector cells and also as an amplifier of allergen-specific
Th2 cell responses. Although these mechanisms clarified
in mouse models have not been directly investigated in
asthmatic patients, NK'T" cells may yet prove to be a new
therapeutic target for allergic discases.
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Abstract

Background: Japanese cedar (Cryptomeria japonica) pollino-
sis is one of the most prevalent allergies in Japan. Recently,
two reports described the positive effects of sublingual im-
munotherapy (SLIT) against Japanese cedar pollinosis. How-
ever, the therapeutic biomarkers for SLIT are stitl unclear.
We performed this unblinded, nonrandomized, open-label
study to identify therapeutic biomarkers for SLIT against Jap-
anese cedar pollinosis. Methods: We performed an open-
label study during one pollinosis season in 2007, enrolling 19
patients from in-house volunteers suffering from Japanese
cedar pollinosis. Peripheral blood was obtained from all par-
ticipants before SLIT treatment as well as before and after
the pollen season. The plasma levels of an immunoglobulin

specific to a major allergen (Cry j 1) were determined. We
analyzed the induction of regulatory T cells (iTregs), namely
IL-10*Foxp3* cells in CD25*CD4* leukocytes, by flow cytom-
etry. The Th2-type responses were analyzed by cytokine pro-
duction from peripheral blood mononuclear cells after stim-
ulation with Cry j 1. Clinical symptoms were estimated using
a quality of life questionnaire in the middle of the pollen sea-
son. Results: The difference in numbers of iTregs between
the medium-only control cell culture and cells stimulat-
ed with Cry j 1 was significantly decreased in the non-SLIT
group but was unchanged in the SLIT group after the pollen
season. The subgroup of the SLIT group with increased
iTregs showed more attenuated Th2-type cytokine profiles,
and symptom scores in the subgroup with increased iTregs
were significantly lower than those in the subgroup with de-
creased iTregs. Conclusion: The antigen-specific iTreg level
isa potential therapeutic biomarker that correlates with cfin-
ical pollinosis symptoms and may be involved in the thera-
peutic mechanisms of SLIT. Copyright © 2010 S. Karger AG, Basel
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Introduction

Japanese cedar (Cryptomeria japonica) pollinosis is
one of the most prevalent allergies in Japan; a nationwide
survey in 2008 found a prevalence of 26.5% [1]. Com-
pared with the estimate of 13.1% in 2001, this more recent
figure implies that the number of affected patients is rap-
idly increasing [2].

Recently, two reports have described the positive clin-
ical effects of sublingual immunotherapy (SLIT) against
Japanese cedar pollinosis [3, 4]. A randomized double-
blind study reported that efficacy variable scores in an
active treatment group were significantly lower than
those in a placebo group, and the quality of life (QOL)
symptom score of the active group was almost half that
of the placebo group [3]. We also previously reported that
active treatment significantly ameliorated symptom
scores and symptom-medication scores compared with
placebo in a randomized controlled trial. Furthermore,
we reported that SLIT decreased the number of Th2
clones specific to CS712, namely recombinant protein-
conjugated T cell epitopes from Cry j 1 and Cryj 2 [4, 5].

Several reports have suggested the involvement of
Foxp3-positive regulatory T cells (Tregs) in the thera-
peutic mechanisms of immunotherapy. It was reported
that the number of Tregs, namely CD25"" and/or
Foxp3*CD4* T cells, was significantly increased during
specific immunotherapy against bee venom [6]. It has
also been reported that Foxp3*CD25" and Foxp3*CD4"
cell levels were significantly increased in the nasal mu-
cosa of patients receiving immunotherapy treatment
with grass pollen [7]. mRNA expression of Foxp3 and IL-
10 was reported to be induced after SLIT treatment, and
the suppression of effector cell proliferation was IL-10-
dependent [8]. The central mechanisms by which Tregs
downregulate antigen-specific Th2 responses are sug-
gested to be mediated by the production of the suppressor
cytokine IL-10 in a soluble or membrane-bound form [9].
However, the therapeutic mechanisms and the relation-
ship between clinical symptoms and Treg induction re-
main unclear.

In this study, we analyzed Cry j 1-specific Th2 re-
sponses and induced Tregs (iTregs), defined as CD25"
CD4" leukocytes positive for both IL-10 and Foxp3. We
considered that antigen-specific iTregs would produce
the suppressor cytokine IL-10 with Cry j 1 activation.
These Cry j 1-specific iTregs (Cry j 1-iTregs) from the
SLIT group were maintained after pollen season, whereas
the Cry j 1-iTregs from the non-SLIT group decreased
significantly after pollen season. Furthermore, the sub-
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group of the SLIT group with increased iTregs showed a
tendency for attenuated cytokine profiles compared to
both the subgroup with decreased iTregs and the non-
SLIT group. The subgroup with increased iTregs also
showed lower clinical symptom scores than the subgroup
with decreased iTregs. We propose that the level of anti-
gen-specific iTregs is a suitable biomarker for the severity
of symptoms and the therapeutic effects of SLIT.

Materials and Methods

Study Population

Nineteen in-house volunteers between 22 and 63 years of age,
who were otherwise healthy but who had a clinical history of Jap-
anese cedar pollinosis, were enrolled in this pilot study. The diag-
nosis of Japanese cedar pollinosis was based on clinical history
and IgE specific to Japanese cedar pollen of at least class 2 status
(CAP-RAST method, Phadia, Tokyo, Japan). Patients who had a
history of any immunotherapy, had a current diagnosis of asthma
or were pregnant were excluded. The patients in the non-SLIT
group were statistically older than those in the SLIT group; how-
ever, there was no statistical difference between the groups with
regard to the period of suffering from Japanese cedar pollinosis
(3-10 years). All patients had showed moderate or severe symp-
toms in the previous pollen season [10]. Antigen-specific IgE titers
for orchard grass, Japanese cypress and house dust mites were also
evaluated by the CAP-RAST method. The protocol was approved
by the Ethics Committee of Chiba University; written informed
consent was obtained from each of the patients prior to participa-
tion in the study.

Clinical Protocols

Standardized Japanese cedar pollen extract (Torii Pharmaceu-
tical Co. Ltd., Tokyo, Japan) was used for SLIT [11]. The trial was
performed from October 2006 to June 2007. The treatment pro-
tocol consisted of graded courses of the extract in 50% glycerol,
followed by maintenance therapy [4]. The extract was graded in 3
strengths: 20, 200 and 2,000 Japanese Allergy Units (JAU)/ml
The content of Cryj 1 in the 2,000 JAU/ml extract was 1.5-4.2 g,
as determined by enzyme-linked immunosorbent assay (ELISA)
and as reported previously [12]. Patients received increasing dos-
es with each vial, beginning with 0.2 ml from the 20 JAU/m] vial
and increasing by 0.2 ml a day for 5 days per week; the vaccine was
taken sublingually, kept for 2 min without a retention reagent and
then spit out. The procedure was then repeated with each vial un-
til the maximum dose (1.0 ml of 2,000 JAU/m]l) was reached. The
maintenance dose was 1.0 ml of 2,000 JAU/mI once a week until
the end of the study. The non-SLIT group was administered nei-
ther the vaccine nor a placebo. All participants were allowed to
take symptom-reducing drugs.

Blood Samples

Peripheral blood was obtained from each patient before the
beginning of treatment, before the pollen season and after the
pollen season. Peripheral blood mononuclear cells (PBMCs) were
isolated from whole peripheral blood by Ficoll density gradient
centrifugation using Lymphocyte Separation Medium (MP Bio-
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medicals Inc., Solon, Ohio, USA). Isolated cells were counted and
tested for viability by trypan blue exclusion prior to culture, The
PBMCs were frozen at -80°C and stored in liquid nitrogen using
a cell banker (Nippon Zenyaku Kogyo Co. Ltd., Fukushima, Ja-
pan) until use.

Antigens for in vitro Stimulation and ELISA

Cry j 1 was purified from Japanese cedar pollen according to
the method of Yasueda et al. [13] with some modifications. The
concentration of purified Cry j 1 was determined by the Lowry
method using a detergent-compatible protein assay reagent (Bio-
Rad Laboratories Inc., Hercules, Calif., USA). C$712, which is a
recombinant protein with 7 conjugated regions of T cell epitopes
from Cry j 1 and Cry j 2 (4, 5], was kindly provided by Daiichi
Sankyo Co. Ltd. (Tokyo, Japan).

Antigen-Specific Immunoglobulin Titer

The Cry j 1-specific IgE titer in the plasma was measured by
the method of Yasueda et al. [14]. The Cry j 1-specific 1gG4 titer
was measured by ELISA as described previously [4].

Flow Cytometric Analysis

For intracellular staining of Foxp3 and IL-10, PBMCs were
cultured with or without Cry j 1 for 3 days, followed by culture
with 10 ng/ml phorbol 12-myristate 13-acetate, 1 pM ionomycin
and 2 wM monensin for 6 h. The PBMCs were stained with phy-
coerythrin-anti-CD25 (eBioscience, San Diego, Calif., USA)
and phycoerythrin-Cy7-anti-CD4 antibody (BD Biosciences,
San Diego, Calif., USA) in PBS containing 1% FCS and 0.1% so-
dium azide for 20 min at 4°C. After surface staining, the PBMCs
were stained with FITC-anti-Foxp3 (clone PCH101, eBioscience)
and allophycocyanin-anti-IL-10 antibody (BD Biosciences) for
30 min at 4°C using a Foxp3 staining buffer set (eBioscience)
according to the manufacturer’s instructions. The numbers of
IL-10*Foxp3* cells in 10* CD25*CD4" leukocytes were calcu-
lated from the percentage of IL-10*Foxp3™ cells in CD25*CD4"
leukocytes.

Clinical Symptoms

The participants were instructed to fill in a QOL question-
naire in the middle of the 2007 pollen season. Japanese cedar pol-
len scattered from the middle of January to early May in 2007. The
Japanese Allergic Rhinitis QOL Standard Questionnaire No. 1
was used for the assessment of QOL symptom scores for allergic
rhinitis [15]. The total QOL symptom score was calculated as the
sum of each score: none = 0; mild = 1; moderate = 2; severe = 3;
very severe = 4. Nasal and ocular symptoms covered by the ques-
tionnaire included runny nose, sneezing, nasal congestion, itchy
nose, itchy eyes and watery eyes [3].

Enzyme-Linked Immunospot Assay

The numbers of IL-4- and IL-5-producing cells stimulated
with Cry j 1 or CS712 were determined by enzyme-linked immu-
nospot assay. A 96-well sterile filter plate (Millipore Corp., Bill-
erica, Mass., USA) was coated with monoclonal antibody to hu-
man IL-4 or IL-5 (Mabtech AB, Nacka Strand, Sweden), following
preincubation with 35% ethanol. After washing with PBS, the
plate was preincubated with AIM-V medium at 37°C for 1 h. The
medium was discarded, then 3 x 10° PBMCs/well were cultured
with fresh medium alone, 10 pg/ml Cryj 1,20 nM CS712 or 1 pg/
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ml phytohemagglutinin as a positive control for 17 h at 37°C in
AIM-V medium containing 5% human blood plasma fractions.
The plates were then washed with PBS, incubated with biotinyl-
ated detection monoclonal antibody to human IL-4 or IL-5 for
2 h and then incubated with streptavidin-conjugated alkaline
phosphatase for 1 hat room temperature. After washing with PBS,
the plates were incubated with BCIP/NBTPLYS (Mabtech AB) for
5 min at 37°C. The numbers of positive spots were automatically
calculated by the ImmunoScan*™ (Cellular Technology Ltd.,
Cleveland, Ohio, USA) using the same parameter settings
throughout.

Assay of Cytokine Production from PBMCs

Isolated PBMCs were cultured at 2.5 x 108 cells/ml with or
without 5 pg/ml Cry j 1 for 3 days at 37°C in AIM-V medium
containing 5% human AB serum (Sigma-Aldrich Inc., St Louis,
Mo., USA). After centrifugation at 300 g for 10 min, the superna-
tant was divided into aliquots and stored at -20°C until cytokine
assay. The concentrations of IL-5, IL-10, IL-13 and IFN-y cyto-
kines were measured by means of the BD™ Cytometric Beads As-
say Flex system (BD Biosciences) according to the manufacturer’s
instructions.

Data Representation

The Cry j l-specific cytokine production and the numbers of
Cry j 1-iTregs are presented as the difference between the value
from Cryj 1-stimulated cells and that from the medium-only con-
trol cell culture. Each upregulation after pollen season was repre-
sented as the difference between the pre-pollen season and post-
pollen season values.

Statistical Analysis

Results are presented as means * SD. Two-group compari-
sons were performed using the Wilcoxon t test or Mann-Whitney
U test to determine the significance of the difference. p values
<0.05 were considered significant.

Results

Study Population and Adverse Events

Nineteen adult patients were recruited from in-house
volunteers at Chiba University and Chiba University
Hospital on the basis of a history of Japanese cedar pol-
linosis and positive specific IgE (CAP-RAST score over 2;
table 1). The 12 subjects who accepted the vaccine were
enrolled in the SLIT group, and the 7 individuals who
hesitated to take the vaccine were enrolled in the non-
SLIT group. Three patients had mild discomfort and 1
patient complained of mild itching in the mouth; how-
ever, these adverse events were not serious and did not
present a reason to discontinue SLIT.

Immunoglobulin Production
The Cry j 1-specific IgE production in the SLIT group
was not statistically significantly higher after the pollen

Fujimura et al.
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Fig. 1. Cryj l-specific IgE (a) and IgG4 titer (b) from the SLIT and non-SLIT groups before treatment and before
(BPS) and after the pollen season (APS). Bars show the group averages. The dashed line indicates the threshold
for detection. PRU = Phadebas RAST unit. Statistical analysis was performed using the Wilcoxon t test. * p < 0.05.

season compared with before the pollen season (p = 0.08);
in contrast, IgE production in the non-SLIT group was
statistically significantly increased after the pollen sea-
son compared with before the pollen season (p = 0.02;
tig. la). Cry j 1-specific IgG4 production was not signifi-
cantly changed after treatment in either the SLIT or non-
SLIT group (fig. 1b).

Division of the SLIT Group According to the Change

in iTregs

We analyzed a population of IL-10"Foxp3* cells in
CD257CD4" leukocytes as a marker of iTregs after stimu-
lation with or without Cry j 1 (fig. 2a). The Cry j 1-iTreg
levels, that is, the difference between those stimulated
with Cry j 1 and the medium-only control, were signifi-
cantly increased after treatment, and the difference in
numbers of Cry j 1-iTregs before the pollen season was
comparable to those after the pollen season in the SLIT
group. However, we found that the difference in the non-
SLIT group after treatment was comparable with that be-
fore treatment and significantly decreased after the pol-
len season compared to before the pollen season (fig. 2b).
The upregulation between before and after the pollen
season in the SLIT group (5 £ 42) was higher than that
in the non-SLIT group (-24 * 20), although the differ-
ence in the levels between the groups was not statistically
significant (fig. 2c¢).

In all but one participant from the non-SLIT group,
the difference in the number of Cry j 1-iTregs was down-
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Table 1. The characteristics of participants at the time the study
started

SLIT Non-SLIT
Participants 12 7
Sex (M/F) 9/3 5/2
Age, years
Mean * SD 241120 37.5% 158
Range 22-30 21-63
IgE class! 35 4.1
Other allergy?
Orchard grass 6 4
Japanese cypress 12 7
House dust mite 3 5

! Specific IgE to Japanese cedar pollen; mean CAP allergy
class.
> Numbers of subjects who had specific IgE of at least class 2.

regulated after pollen season; in contrast, half of the SLIT
group had higher Cry j 1-iTreg levels and the other half
had lower levels (fig. 2¢). Therefore, we divided the SLIT
group into two subgroups according to whether Cry j
1-iTreg levels increased or decreased after pollen season.
The total symptom score from the QOL questionnaire in
the SLIT group was comparable to that in the non-SLIT
group before the division into two groups. After the divi-
sion, we found that the symptom score in the subgroup

Int Arch Allergy Immunol 2010;153:378-387 381
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Fig. 2. a The numbers of IL-10*Foxp3™* cells in 10* CD25*CD4*
leukocytes (iTregs) cultured with (Cry) or without (Med} Cry j 1
before treatment and before (BPS) and after the pollen season
(APS). Each symbol in the SLIT group and the non-SLIT group
represents an identical individual. Bars show the group averages.
b The difference in numbers of Cry j 1-iTregs between medium-
only control and cells stimulated with Cry j 1 was plotted for be-

with increased iTregs was significantly lower than that in
the subgroup with decreased iTregs (p = 0.03; fig. 3).

We also divided the SLIT group into severe and mild
subgroups according to their total QOL symptom scores.
We found that the upregulation of Cry j 1-iTregs between
before and after pollen season in the mild-symptom sub-
group was significantly higher than that in both the se-
vere-symptom subgroup and the non-SLIT group (fig. 4).
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fore treatment and before and after the pollen season in the SLIT
and non-SLIT groups. Bars show the group averages. Statistical
analysis was performed using the Wilcoxon t test. ¢ The upregula-
tion of Cry j 1-iTregs between before and after the pollen season
in the SLIT and non-SLIT groups. Bars show the group averages.
Statistical analysis was performed using the Mann-Whitney U
test. * p < 0.05.

Th2-Type Cytokine Profiles

We analyzed the numbers of Th2-type cytokine-pro-
ducing cells and cytokine production after stimulation
with native Cry j 1. The numbers of Cry j 1-specific Th2-
type cytokine-producing cells were analyzed by enzyme-
linked immunospot assay after stimulation with Cryj 1
or CS712 (fig. 5a and data not shown). The upregulation
of both IL-4- and IL-5-producing cells in the SLIT group

Fujimura et al.
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(IL-4: 29 + 33; IL-5: 23 * 28) tended to be attenuated
compared with that in the non-SLIT group (IL-4: 54 *
38; IL-5: 43 *+ 28). Furthermore, the upregulation in the
subgroup with increased iTregs (IL-4: 19 & 22; IL-5: 10
+ 11) was much lower than that in both the subgroup
with decreased iTregs (IL-4: 40 * 41;1L-5: 36 + 35) and
the non-SLIT group, although the difference in the levels
between the groups was not statistically significant
(fig. 5b). The same results were obtained using CS712 for
stimulation (data not shown).

Cytokine production was analyzed in culture super-
natant after 3 days of culture with Cry j 1 (fig. 6a). The
upregulation of Th2-type cytokine production (IL-5 and
IL-13),i.e. the differences between before and after pollen
season, also tended to be attenuated in the SLIT group
(IL-5:94 * 126;1L-13: 107 £ 134) compared to the non-
SLIT group (IL-5: 178 * 146; IL-13: 248 * 222). We
found that the Th2 cytokine profile in the subgroup with
increased iTregs (IL-5: 54 + 123; IL-13: 47 * 110) also
showed a strong tendency to be attenuated compared
with that in the subgroup with decreased iTregs (IL-5: 134
+ 127; IL-13: 167 * 137) and was significantly lower
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Fig. 4. The differences in numbers of Cry j 1-specific iTregs in 10*
CD25*CD4" leukocytes between before and after pollen season
were plotted for the mild and severe subgroups of the SLIT group
as well as for the non-SLIT group. The classification into severe
and mild subgroups was based on the mean score of the SLIT
group. Bars show the group averages. Statistical analysis was per-
formed using the Mann-Whitney U test. * p < 0.05.

than that in the non-SLIT group. The upregulation of IL-
13 in the subgroup with increased iTregs showed statisti-
cally significant suppression compared with that in the
non-SLIT group (fig. 6b). Upregulation of both IFN-vy
and IL-10 production induced by Cry j 1 was almost the
samein the SLIT (IFN-vy: -1.8 + 22;11-10: 0.8 * 2.2) and
non-SLIT groups (IFN-y: -1.2 * 32; IL-10: 1.2 £ 2.§;
data not shown).

Discussion

We performed this pilot study to elucidate clinical bio-
markers correlated with clinical symptoms in prepara-
tion for a future double-blind, placebo-controlled study
of SLIT. Only one commercial standardized extract from
Japanese cedar pollen is available for clinical use in Japan
[11]. The cumulative dose of this major allergen after us-
ing the extract for 4 weeks is comparable to 2,500 SQ-
standardized grass allergy immunotherapy tablet (SQ-T)
in Europe [16]. In spite of the low dose, SLIT against Jap-
anese cedar pollinosis has still been found to effectively

Int Arch Allergy Immunol 2010;153:378-387
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ameliorate the QOL symptom score, medication score
and symptom-medication score [3, 4]. Furthermore, SLIT
attenuated antigen-specific Th2 responses and induced
iTregs in some patients; this subgroup with increased
iTregs showed greater amelioration of the Th2-type cyto-
kine profile and their clinical symptoms.
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the Wilcoxon t test. * p < 0.05. b The difference in numbers of Cry
j 1-specific cytokine-producing spots is shown as the difference
between values before and after the pollen season for each indi-
vidual from the SLIT, the Cry j 1-iTreg-increased (inc.), the Cry j
1-iTreg-decreased (dec.) and the non-SLIT groups. The numbers
of Cry j 1-specific spots were calculated as the difference between
the medium-only control and the culture stimulated with Cryj 1.

In this clinical trial, significant induction of Cry j
1-specific IgG4 was not observed in the SLIT group. Our
previous report showed induction of Cryj 1-specific IgG4
production with almost the same protocol; the previous
study used a piece of bread to retain extract for sublingual
administration [4]. The differences in the participants’

Fujimura et al.
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and 10.6 = 11.6 (non-SLIT) for IL-13. Bars show the group aver-
ages. Statistical analysis was performed using the Wilcoxon t test.
* p < 0.05. b The upregulation of cytokine production induced by

immunological backgrounds, methods of administra-
tion, period of administration and/or the amount of an-
tigen absorbed in the oral mucosa may influence IgG4
induction. Antigen-specific IgG production was reported
to be induced by high doses of extract, i.e. 25,000 SQ-T
for 18 weeks or 75,000 SQ-T for 8 weeks [16]. This report
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Cry j 1 between before and after the pollen season from each indi-
vidual from the SLIT, the Cry j 1-iTreg increased (inc.), the Cry j
1-iTreg decreased (dec.) and the non-SLIT groups is plotted on the
y-axis. The cytokine production induced by Cry j 1 was calculated
as the difference between medium-only control and the culture
stimulated with Cry j 1. Bars show the group averages. Statistical
analysis was performed using the Mann-Whitney U test. * p <0.05.

supports the hypothesis that the amount of antigen ad-
sorbed by the oral mucosa affects the induction of anti-
gen-specific 1gG4.

We previously reported that SLIT significantly de-
creases the clone size of IL-4-producing T cells specific to
epitopes from Cryj 1 and Cryj 2 [4]. Also, in the current
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trial, SLIT attenuated Cry j 1-specific cytokine produc-
tion, the numbers of IL-4- and IL-5-producing cells and
IL-5 and IL-13 production in culture supernatant (fig. 5b,
6b). The difference in downregulation was not statisti-
cally significant between the SLIT and non-SLIT groups,
but the results showing this tendency were reproducible.
No significant difference in Th2-type cytokine produc-
tion after stimulation with Cry j 1 was observed after sub-
lingual administration of extract alone (i.e. the cytokine
levels before and after pollen season in the SLIT group;
fig. 5a, 6a). SLIT may attenuate the upregulation of anti-
gen-specific Th2-type responses activated through natu-
ral exposure in pollen season. Therefore, the amount of
scattering pollen may influence the degree of ameliora-
tion of Th2 responses by SLIT.

The upregulation of Cry j 1-specific iTregs, that is, the
difference in levels of Cry j 1-iTregs between before and
after pollen season, is suggested to be a suitable biomark-
er for clinical symptoms and therapeutic effects. The av-
erage difference in numbers of Cry j 1-iTregs after pollen
season, that is, the difference in numbers of IL-10*Foxp3*
cellsin CD25*CD4"* leukocytes between those stimulated
with Cry j 1 and the medium-only control, was 24.8 in
the SLIT group and 9.3 in the non-SLIT group in 10*
CD25*CD4* leukocytes after 3 days’ culture with Cryj 1
(fig. 2b). The number of antigen-specific Trl is reported
to be estimated at 0.5-10 in 10* whole peripheral
CD25*CD4* Tregs [17]. That estimate suggests the appro-
priateness of the numbers of Cry j 1-iTregs reported in
this study. The subgroup with increased iTregs showed
more attenuated Th2 cytokine profiles and a lower total
QOL symptom score than the subgroup with decreased
iTregs and the non-SLIT group (fig. 3, 5b, 6b). Several re-
ports have shown that Foxp3-positive cells and/or IL-10-
producing cells are induced by immunotherapy and that
IL-10 is crucial for downregulation of inflammatory Th2
responses [6, 8, 18, 19]. Foxp3-expressing CD4*CD25*
cells are reported to be induced in the nasal mucosa after
immunotherapy, and local induction of iTregs is suggest-
ed to be important to suppress local inflammation during
pollen season [7]. Furthermore, the basal frequencies of
Tregs defined as CD4*CD25 8" Foxp3* cells in the pe-
ripheral blood of patients with severe allergic reactions to
insect stings were reported to be lower than in individu-
als without a history of allergic diseases, and the Treg
population was upregulated to a level comparable to that
of nonallergic subjects after immunotherapy against bee
venom [6].

The QOL symptom score was higher in the group with
decreased Cryj 1-iTregs than in the group with increased
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Cry j 1-iTregs. IL-17-secreting Foxp3* Treg cells were re-
cently identified in humans, and IL-17 mRNA expression
was significantly correlated with poor clinical outcome
after SLIT [20-22]. A low dose of SLIT may induce IL-17-
secreting Tregs rather than IL-10-secreting Tregs for
nonresponder populations and thereby worsen clinical
symptoms.

We divided the SLIT group into two subgroups ac-
cording to whether IL-10 or Foxp3 single-positive cells
increased or decreased after pollen season. However,
groups with IL-10 or Foxp3 single-positive cells showed
no difference in Th2 cytokine profiles or symptom
scores among the increased, decreased and non-SLIT
groups (data not shown). We hypothesize that a popula-
tion of Foxp3 or IL-10 single-positive cells may include
many antigen-nonspecific Tregs and effector cells,
whereas only antigen-specific iTregs are available as a
therapeutic biomarker. These data suggest that IL-10
and Foxp3 double-positive cells rather reflect the anti-
gen-specific iTregs that could be used as therapeutic bio-
markers of SLIT.

Soluble IFN-v and IL-10 production in culture super-
natant was not upregulated by the SLIT treatment and
did not differ between the SLIT group and the non-SLIT
group (data not shown). This suggested that SLIT did
not induce Cry j 1-specific Thl-type responses and that
the membrane-bound form of IL-10 may be more im-
portant than soluble IL-10 for downregulation of Cry j
1-specific Th2 cells. Further investigation is needed to
clarify the induction of Thl cells and IL-10-mediated
suppressive mechanisms by iTreg cells. In this trial, we
failed to detect other regulatory molecules at the protein
level, such as TGF-§ from culture supernatant or cyto-
toxic T lymphocyte-associated protein-4 and glucocor-
ticoid-induced TNF receptor on the surface of CD4* T
cells (data not shown). Further investigations are needed
to analyze these regulatory molecules at the mRNA lev-
el. We are currently undertaking a transcriptome analy-
sis of CD4" cells from the SLIT and non-SLIT groups
after stimulation with Cry j 1. On the other hand, the
regulatory mechanisms of peripheral human Tregs were
suggested to occur in a cell contact-dependent but cyto-
kine-independent manner [23]. Furthermore, this re-
port suggested that the regulatory function of human
Tregs was independent of CD28, cytotoxic T lympho-
cyte-associated protein-4, TGF-@ and IL-10 [23]. In or-
der to elucidate the therapeutic mechanisms of SLIT,
analysis of the regulatory function of iTregs is also im-
portant.

Fujimura et al.



In this paper, we investigated antigen-specific iTregs

as a therapeutic biomarker for SLIT. However, this study

was a preliminary open-label study with a small popula-
tion; therefore, a randomized, double-blind, placebo-
controlled study of a large population will be needed to
evaluate iTregs as a therapeutic biomarker for SLIT.
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