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Figure 3 The effect of IL-33 on eosinophil CD11b expression. Human
eosinophils were incubated with the indicated reagent for 30 min, and then
the cell-surface expression of CD11b was analyzed by flow cytometry, The
data are expressed as the percentage of the calculated MESF values of
eosinophils cultured without stimulus (% nil). Bars represent the s.e.m.
(n=13). **P<0.01 vs nil.

To elucidate the role of ST2 in eosinophil survival, neu-
tralizing antibody for ST2 was added together with IL-33. As
a result, anti-ST2 antibody at 20 ug/ml significantly down-
modulated the effect of IL-33, as shown by a decreased
number of live cells and an increased number of apoptotic
cells (Figure 6a and b), indicating that IL-33 enhances eosi-
nophil survival by signaling through the ST2 receptor.

It has been reported that eosinophils can produce IL-5
upon stimulation. We used neutralizing antibody for IL-5 to
test the possibility that IL-33 enhancement of eosinophil
survival was mediated by IL-5. However, anti-IL-5 antibody
did not affect the number of viable eosinophils cultured with
IL-33 (data not shown). Similar tests using anti-IL-4 and
anti-GM-CSF neutralizing antibody gave the same result.
These results indicate that the effect of IL-33 on eosinophil
survival is not mediated by autocrine activation involving
IL-5, IL-4 or GM-CSE.

Analysis of Degranulation and Lipid Mediator Synthesis
We conducted experiments to see whether IL-33 induces
degranulation and lipid mediator synthesis in human
eosinophils. Eosinophil degranulation was analyzed by
measuring EDN, but IL-33 was negative for this activity
(data not shown). LTC4 synthesis was analyzed by ELISA, but
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Figure 4 The effect of antl-ST2 neutralizing antibody on CD11b expression
by eosinophils. (a) Human eosinophils were preincubated with anti-ST2
antibody at 10 ug/ml for 60 min and then with IL-33 at 10 ng/ml for 30 min.
The surface CD11b expression level was assessed by flow cytometry,
Eosinophils stained with PE<control mouse IgG1 are shown as a shaded
area, Data are rep tive of four sep experiments showing similar
results. (b) Human eosinophils were preincubated with or without anti-5T2
antibody or control antibody at 10 ug/ml for 60 min and then with IL-33 at
the indicated concentrations for 30 min. The data are expressed as the
percentage of the calculated MESF values of eosinophils cultured without
antibodies or stimulus (% nil). Bars represent the sem. (n=13). *P<0.05,
"*p<0.01 vs nil.

no apparent release of LTC4 was induced by IL-33 (data
not shown).

DISCUSSION

In the present study, we assessed the potential role of IL-33 in
regulation of eosinophil functions. We demonstrated that
IL-33 is a potent activator of human eosinophils, enhancing
their surface CD11b expression and adhesion and prolonging
their life span. Surprisingly, the maximal enhancing effects of
IL-33 on adhesion and CD11b expression were comparable
to, or even greater than, the effects of IL-5, a potent eosi-
nophil-activating cytokine, This is the first report showing
direct effects of IL-33 on the biological functions of eosino-
phils. Importantly, the effects of IL-33 on eosinophils were
limited to cell adhesion and survival, in clear contrast to
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Figure 5 IL-33 enhances survival of eosinophils. (a) Time course of survival of human eosinophils. Highly purified eosinophils were cultured in medium
alone or In the presence of IL-33 (1, 10 and 100 ng/ml), IL-18 (100 ng/ml), IL-18 (100 ng/ml) or IL-5 {300 pM) for the indicated times. The cells were analyzed
by double staining with annexin V and PI. Live cells were negative for both annexin V and Pl Data are expressed as percentages of total cell numbers.
(b, &) Viable (b) and apoptotic eosinophils (¢) after 24-h incubation. Early apoptotic cells were defined as annexin V-positive and Pi-negative. Bars represent

the s.e.m. (n=4). *P<0.05, **P<0.01 and ***P<0.001 vs medium alone.

IL-5, which also affects mediator synthesis and release by
eosinophils.***

IL-33 is a recently identified cytokine belonging to the IL-1
family. It has increasingly been thought that IL-33 may be
involved in the pathogenesis of Th2-polarized inflammation.
Schmitz et al'* demonstrated that IL-33 induces Th2-polar-
ized cells to produce Th2 cytokines such as IL-5 and IL-13. In
addition, in vivo exposure to IL-33 causes histological
changes in the lungs and gastrointestinal tract, including
eosinophilic and mononuclear cell infiltration, increased
mucus production, and epithelial cell hyperplasia and
hypertrophy.'* Although the principal source of IL-33 in
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Th2-related allergic diseases has yet to be determined, this
cytokine can reportedly be produced by many cell types inclu-
ding epithelial cells and smooth muscle cells.” Thus, IL-33
secreted by various cell types may act collectively to induce
allergic inflammation through Th2 cell differentiation and a
direct effect on Th2 effector cells, including eosinophils.
Among the IL-1 family cytokines we tested, IL-33 was the
only one that activated eosinophil functions. In previous
studies, IL-18, another IL-1 family cytokine, has been
demonstrated to induce IL-8 production by eosinophils and
to enhance antigen-induced eosinophil recruitment in mouse
airways.’**’ [L-1f has also been reported to enhance
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Figure 6 Effect of anti-ST2 antibody on IL-33-induced eosinophil survival.
Highly purified eosinophils were cultured with IL-33 at 10ng/ml and anti-
ST2 neutralizing antibody at 20 sg/mi for 24 h. Live (a) and apoptotic (b)

cells were analyzed by flow cytometry. Data are expressed as percentages
of corresponding cells cultured with control antibody. Bars represent the

s.em. (n=>5), ***P<0.001 vs control.

mediator release from IgE-stimulated eosinophils and adhesive-
ness of eosinophils to endothelium.?® Thus, the IL-1 family
cytokines are considered to be important proinflammatory
cytokines in allergic inflammation. The IL-1 family member
most closely related to IL-33 is reported to be IL-18." In
clear contrast to [L-33, the main cellular source of IL-18 and
IL-18 seems to be hematopoietic cells. Moreover, IL-1§ and
IL-18 are not considered to be selective Th2-related cyto-
kines, as they can also promote Th1-associated responses. On
the basis of our present study, IL-33 seems to have different
roles from IL-1§ and IL-18, Thus, IL-33 promotes Th2-
associated responses, at least partly through direct activation
of eosinophils, and this action seems unique among IL-1
family cytokines.

An IL-1 receptor family member, ST2, has been shown to
function as an important effector molecule of Th2 responses
in a number of experimental settings,™!! and it is an active
receptor for IL-33. It has been demonstrated that expression
of ST2 on Th2 cells is induced by proinflammatory sub-
stances, including TNE, IL-1e, IL-1f, IL-6, IL-5 and PMA,
and importantly, crosslinking of ST2 provided a costimula-
tory signal for Th2 cells and directly induced Th2 cell
proliferation and type 2 cytokine production.”*° Thus,
ST2 might be important in the pathogenesis of diseases of the
Th2 phenotype.

In the present study, real-time PCR analysis of eosinophils
revealed that eosinophils express mRNA for ST2, although
the expression level of mRNA was lower than that of mast
cells which have already been reported to express ST2 on
their cell surface.'® Although surface expression of ST2 on
eosinophils was hardly detectable, ST2 was shown to be
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present in the cells by intracellular flow cytometric analysis.
At present, we do not know whether presumably faint levels
of surface ST2 would suffice for triggering cell activation
signals, or whether intracellular ST2 in eosinophils is also
involved in cell activation by IL-33. However, based on the
successful blocking of IL-33's effects by IL-33-neutralizing
antibodies, we can reasonably say that ST2 protein expressed
by eosinophils has functional relevance. In our present study,
a high-affinity ST2 ligand, IL-33, induced a strong eosinophil
adhesion response with efficacy higher than that of IL-5. The
IL-1B, TNF-%, IFN-y, IL-5 and IL-4 inflammatory cytokines
upregulate the expression of adhesion molecules on the
endothelium and eosinophils and increase eosinophil bind-
ing to endothelial cells.”' On the basis of the findings of
this study, [L-33, like other proinflammatory cytokines, also
upregulated expression of CD11b, a component of Mac-1, on
eosinophils. Therefore, the enhancement of eosinophil
adhesiveness by IL-33 is at least partially due to this enhanced
expression of CD11b. Neutralization experiments confirmed
that f1 and f2 integrins are critically involved in the
adhesion process of IL-33-treated eosinophils. Also, IL-33
prolonged the life span of eosinophils, although the effect was
weaker than that of IL-5. We have shown that the survival-
enhancing effect of IL-33 is not due to autocrine production
of IL-4, IL-5 or GM-CSF, since neutralization of those
cytokines did not affect IL-33-induced prolongation of
eosinophil survival. On the other hand, at relatively high
concentrations (10-20 ug/ml) anti-ST2 antibody was fairly
efficient at inhibiting IL-33-induced upregulation of CD11b
expression and survival of eosinophils, but those abrogating
effects were not complete. We speculate that, in eosinophils, a
small amount of [L-33 that can bind to cell-surface ST2 even
in the presence of anti-ST2 antibody may act efficiently
to modulate cell functions. Another possibility is that, in
eosinophils, intracellular ST2 may not be completely blocked
by anti-ST2 antibody. In any case, our results indicate that
ST2 is an important receptor through which IL-33 mediates
most, if not all, of various aspects of eosinophil activation.
Eosinophils are considered to be the most prominent
cells at sites of allergic inflammation. Tissue eosinophils are
believed to contribute to exacerbation of inflammation by
an autocrine or paracrine mechanism. Therefore, marked
reduction of tissue-infiltrated eosinophils is considered to be
a promising therapeutic target for allergic diseases. On the
basis of the findings of our present study, neutralization of
ST2 abolished the effect of IL-33 on eosinophil activation
indicating that IL-33 affected eosinophil function through
ST2 although ST2 protein levels were low in eosinophils. In
addition, in the clinical setting, elevated ST2 protein levels
were reported in the sera of patients with asthma exacerba-
tion, and the severity of asthma exacerbation correlated with
the levels of serum ST2.!* Furthermore, it has been demons-
trated in 2 murine asthma model that administration of
recombinant ST2 fusion protein attenuated eosinophilic
inflammation of the airway and suppressed IL-4 and IL-5
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production.'’ Thus, the IL-33-ST2 pathway may be actively
involved in the pathogenesis of eosinophil-related allergic
diseases such as asthma and eosinophilic gastroenteritis. In
this context, several studies have shown that inhibition of the
ST2-related signal pathway leads to abrogation of allergic
diseases 1112

In summary, we have explored for the first time the
receptor expression and functions of IL-33 in human eosino-
phils, and we found that this cytokine potently activates
eosinophils. In combination with previous reports by others,
our results strongly suggest that the IL-33-ST2 pathway may
be critically involved in the pathogenesis of allergic diseases.
The effects of IL-33 on other inflammatory cells also need to
be explored in detail; these information will help us under-
stand the detailed mechanisms underlying clinical allergic
diseases.
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Mannose binding lectin gene polymorphisms and asthma
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Summary

Background Bronchial asthma is a chronic inflammatory disorder of the airways. Recently, it
has been suggested that complement plays significant roles in asthma. Mannose-binding
lectin (MBL) is one of the key molecules in complement activation pathways that are
associated with several infectious and immune disorders.

Subjects and method To investigate whether MBL plays roles in asthma, we analysed MBL2
polymorphisms (allele B, H/L and Y/X) and plasma MBL levels in a Japanese adult population
including 232 healthy controls and 579 asthmatics.

Results Although there was linkage disequilibrium among the three polymorphisms, each
polymorphism significantly affects serum MBL levels independently. However, there were no
significant differences between asthmatics and controls in MBL2 genotype distribution and in
MBL concentrations [1.47 £ 0.07(SE) mg/L for asthmatics and 1.66 +0.14 mg/L for controls,
P=0.2]. MBL levels and genotype have no significant relationship with serum IgE, pulmonary
functions, and the severity of asthma.

Conclusion Although plasma MBL levels depend on the MBL2 polymorphisms, these
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polymorphisms and plasma MBL levels are not associated with the asthma phenotype.
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Introduction

Bronchial asthma is a chronic inflammatory disorder of
the airways characterized by the presence of reversible
airflow obstruction, airway hyperresponsiveness (AHR),
and airway remodelling [1]. Recently, there has been a
great deal of research dealing with the role of innate
immune mediators of the complement cascade, particu-
larly the anaphylatoxins (C3a, C5a). C3a production at the
airway surface has been suggested to serve as a common
pathway for the induction of AHR to a variety of asthma
triggers, such as allergens and viral infections. C5/C5a has
dual immuno-regulatory roles: protecting against T-helper
type 2-mediated immune responses during initiation of
responses, and a pro-inflammatory role once immune
responses are established [2]. On the other hand, respira-
tory infection caused by viruses, Chlamydia, and Myco-
plasma has been implicated in the pathogenesis of asthma
[3-5]. During infancy, certain viruses such as respiratory
syncytial virus (RSV) have been speculaied to have the
potential to increase susceptibility to asthma [5]. It has
also been proposed that certain bacterial infections, such
as Chlamydia pneumoniae and Mycoplasma pneumoniae,
may cause chronic airway inflammation [6]. These may be

directly related to the aetiology of asthma or its chroni-
city, severity, and instability.

Mannose-binding lectin (MBL) is one of the C-type
lectins, and is an important component of innate immu-
nity. MBL binds to MBL-associated serine protease
(MASP) 1 and 2 to initiate the complement cascade and
to also enhance phagocytotic activity by opsonizing
pathogens [7, 8]. MBL deficiency is associated with the
susceptibility to and the severity of several infections and
immune disorders [9-14]. The basal serum levels of
normal MBL protein and biological activities are asso-
ciated with single nucleotide polymorphisms (SNPs) in
exonl and promoter haplotypes [12, 15-18). Three poly-
morphic sites, codon54 (GGC to GAC, allele B), codon57
(GGA to GAA, allele C), and codon52 (CGT to TGT, allele
D), are situated in exonl of MBL2. Population studies
have shown that there are significant ethnic differences
in the polymorphisms; several studies have reported that
the codon54 SNP is common but that the other two SNPs
are absent or extremely rare in the Japanese population
[19]. Two other SNPs lie at promoters —550 (G/C, allele
H/L) and —221 (G/C, allele Y/X) of MBL2 and have
been demonstrated to affect serum MBL levels in some
studies [18].
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Given this information, we wished to elucidate the role of
MBL in the pathophysiology of asthma, and to examine the
relationship among MBL2 polymorphisms, plasma MBL
levels, and asthma phenotype in a Japanese population.

Materials and methods

Subjects

A total of 811 adult subjects, including 579 asthmatics and
232 healthy controls, were involved in the study. All
patients were recruited from six outpatient clinics includ-
ing Fukushima Medical University Hospital (see Acknowl-
edgement). Asthma was diagnosed based on the presence
of at least one or more of the respiratory symptoms
{recurrent cough, wheezing, or dyspnoea), increased air-
way responsiveness to methacholine or the presence of
reversible airflow limitation, and the absence of other
pulmonary diseases. The asthmatics were divided into
those having atopic (n = 437) and those having non-atopic
asthma (n=142). Subjects who had serum non-specific
IgE levels that were higher than 250 IU/mL or had at least
one positive antigen-specific IgE determined by a RAST
were considered to have atopy. Control subjects were
normal, asymptomatic volunteers with no past history of
asthma or other airway diseases. The age of the control
subjects was not matched for asthmatics. Plasma was
available for 355 asthmatics (257 atopic and 98 non-
atopic asthmatics) and 100 controls. The clinical charac-
teristics of the subjects are shown in Table 1, This study’s
protocol was approved by the ethical committees of
Fukushima Medical University, and written informed
consent was obtained from all the participants.

Genotyping

Blood samples were collected in tubes containing EDTA-
Na, and were then frozen at — 80 °C before DNA prepara-
tion. Genomic DNA was extracted using DNA extraction
kits according to the manufacturer’s instructions (QIAamp
DNA Blood Maxi Kit, Qiagen K. K., Tokyo, Japan). Geno-

Table 1. Characteristics of the patients with asthma and controls in Japanese

typing of codon54 (GGC — GAC, allele A or B} was
performed using a PCR-restriction fragment length poly-
morphism (RFLP) technique. Because allele C and allele D
are absent or extremely rare in the Japanese population
[19], only allele A or B was studied. For genotyping of
promoter —550 (G — C, allele H or L) and -221(G — C,
allele Y or X), the fluorogenic allele-specific TagMan
probes and primers (TagMan SNP Genotyping Assays,
Applied Biosystems, Foster, CA, USA) were used. Allelic
discrimination was performed using the ABI Prism 7000
Sequence Detection System (Applied Biosystems).

Assay for mannose-binding lectin

The plasma samples collected from 355 patients and 100
controls were frozen to —80°C before measurements
were taken. The plasma MBL concentration was measured
using a commercially available ELISA kit (HyCult
Biotechnology, Uden, the Netherlands).

Statistics

The % test was used to compare the genotype frequencies of
asthmatic patients and controls. The promoter haplotype
and combination between codon54 were analysed in
case-control haplotype and linkage disequilibrium by SNP
Analyze software (DYNACOM, Kanagawa, Japan). The
Kruskall-Wallis test was used to examine the MBL level.
Student’s f-test was used to compare the mean age and non-
specific IgE levels between asthmatic patients and controls.
Values were presented as mean + SE, Statistical evaluations
were conducted using SPSS Base 11.0J and SPSS Regression
Models 9.0J Windows (SPSS Inc., Tokyo, Japan). A P-value
< 0.05 was considered to be statistically significant.

Results

Characteristics of the subjects (Table 1)

The characteristics of the subjects including the 579
asthmatic patients and the 232 controls are shown in

Age Gender Age of onset  Log (IgE)

(mean £ SE)  (M/F) (M%) (yearsold)  (TU/L) FEV,, (L) FEV % Ve [LIs) Vs [LUs) N
Cantrol 25.5%06 104/128 (44.8) - 1.85 % 0.04 NA NA NA NA 232
Asthma 49.6+07° 293/286 (50.6) 3224086 2.444003% 2344004 73.5+£07 24+£01 0.90 £ 0.03 579
Atopic 46,006 231206 (52.9)**  22.7+0.7 2,66+ 0,03 2.45£004 742407 26401 096 +£0.03 437
Non-atopic  60.5+0.8" 62/80 (43.7) 463+£1.0" 1784005 200+£006" 713+15 20+01" 068+005" 142

*P < 0.01 vs. control.

**P < 0.05 vs. non-atopic asthma and control.

*P < 0.01 vs. atopic asthma and control.

"p < 0.01 vs. atopic asthma.

NA. not available: FEV, forced expiratory volume in one second.

& 2007 The Authors
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Table 2. Distribution of mannose-binding lectin (MBL2) genotypes in asthmatics and controls

Asthma patients
Cantral

SNP Genotype or allele Atopic (n = 437) Non-atopic (n=142) Total (n=579) (n=232) P-value*
CodonS54 (allele B) Genotype

AlA 290 (66.4%0) 99 (69.7%) 389 (67.2%) 157 (67.7%) 0.277

A/B 126 (28.89) 38 (26.8%) 164 (28.3%) 70 (30.2%)

B/B 21 (4.8%) 5 (3.50) 26 (4.5%) 5 (2.2%)

Allele

B 168 (19.2%) 48 (16.9%) 216 (18.7%) 80 (17.200) 0.506
Promoter
— 221 (allele X) Genotype

Yy 341 (78.0%) 118 (83.1%) 459 (79.3%) 170 (73.3%) 0.165

Y/X 90 (20.6%) 24 (16.9%) 114 (19.7%) 58 (25.0%)

XX 6 (1.4%) 0 6(1.09%) 4(1.7%)

Allele

X 102 (11.7%) 24 (8.5%) 126 (10.1%) 66 (14.200) 0.06
— 550 (allele L) Genotype

HMH 107 (24.5%) 33 (23.2%) 140 (24.2%] 44 (19.00) 0.276

H/L 217 (49.79%) 76 (53.5%) 293 (50.60) 126 (54.3%)

L/L 113 (25.9%) 33 (23.2%) 146 (25.2%) 66 (26.7%)

Allele

L 443 (50.7%) 142 (50%) 585 (50.5%) 250 (53.9%) 0.221

*Compared with genotypes or allele frequency in asthmatics and controls.

Table 1. The mean age of the patients with asthma was
49.6 years (range 18-87 years old) and was significantly
higher than the mean age of the control subjects (25.5
years) (P < 0.01). The patients with asthma had signifi-
cantly higher non-specific IgE levels than controls
(P < 0.01). The non-atopic asthmatics were older than
atopic asthmatics, and had a later onset, a higher propor-
tion of females (P < 0.05), and decreased pulmonary
functions (P < 0.01).

Mannose-binding lectin 2 genotypes distribution (Table 2]

The data on these SNPs are shown in table 2. All the
genotype distributions were fit to Hardy-Weinberg equili-
brium. There was no significant difference in the genotype
frequencies and each SNP between asthmatics and con-
trols. The frequency of allele B were 18.7% in asthmatics
and 17.2% in controls (P=0.51), the frequencies of allele
X were 10.1% and 14.2% (P =0.06), and the frequencies of
allele L were 50.5% and 53.9% in asthmatics and controls
(P=0.22), respectively. There was no significant differ-
ence in each allele frequency between asthmatics and
controls. No significant difference was observed in the
genotype and allele frequencies between the atopic and
non-atopic asthmatics. We also compared the genotype
distributions and allele frequencies according to gender,
onset age of asthma, blood eosinophil cell count, serum
IgE level and lung function [forced expiratory volume in
one second (FEV,) and FEV,%]; however, no differences
were observed (data not shown).

Mannose-binding lectin 2 haplotype and plasma
mannose-binding lectin levels (Table 3)

Linkage disequilibria among two promoter variant loci
and codon54 polymorphism were found in Japanese
population. The promoter HH/YY and HL/YY haplotype
combined with codon54 A/A are common in both asth-
matics and controls (24.0% and 22.6% vs. 19.0% and
23.3%, respectively). These haplotypes were associated
with a higher MBL concentration. In codon54 A/A geno-
type, LL/XY and LL/XX haplotypes were rare in both
asthmatics and controls, and have lower MBL plasma
levels. The codon54 A/B or B/B genotype with any
combination of promoter haplotype was associated with
lower MBL levels. Subjects with the BB/LL/YY haplotype
have the lowest MBL concentration, and the BHX haplo-
type was absent in this study population. There was no
difference in MBL2 haplotype distribution between asth-
matics and controls. Also there was no difference in
haplotype frequency between atopic and non-atopic asth-
matics.

Plasma mannose-binding lectin levels and combinations
berween codon54 and promoter genorype (Fig. 1)

The plasma MBL concentration is shown in Fig. 1. Each
individual with codon54 B/B or A/B genotype has sig-
nificantly low MBL levels (0.03 = 0.03 mg/L for the B/B
and 0.29 £ 0.02 mg/L for the A/B vs. 2.17 £ 0.07 mg/L for
the AJA, P < 0.0001). In subjects with codon54 AJA

© 2007 The Authors
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Table 3. Distribution of

binding lectin (MBL2) gene haplotype in asthmatics and controls

Asthma
Codon54 genotype  Promoter haplotype  Atopic [n=437) Non-atopic (n=142) Total (n=579) Controls (n=232) MBL (mg/L) (mean £ SE)
AJA HH/YY 106 (24.3%) 33 (23.2%) 139 (24.0%) 44 (19.0%) 233401
HL/YY 90 (20.6%) 41 (28.9%) 131 (22.6%) 54 (23,3%) 239%0.1
LYY 19 (4.3%) 6 (4.2%) 25 (4.3%) 8 (3.4%) 2.10£03
HL/XY 44 (10.1%) 9 (6.3%) 53 (9.290) 33 (14.29%) 1.78+0.2
LL/XY 25 (5.7%) 10 (7.09%) 35 (6.0%) 14 (6.0%) 1.57x01"
LL/XX 6 (1.4%) o 6 (1.00) 4 (1.790) 0.46:0.1°
AlB HH/YY 1 (0.2%) 4] 1 (0.2%) 0 -
HL/YY 81 (18,5%) 26(18.3%) 107 (18.5%) 38 (16.4%) 0.37£00'
LYY 23 (5.3%) 7 (4.9%) 30 (5.2%) 21 (9.1%) 0.24400"
HL/XY 1 (0.2%) 0 1 (0.2%) 1 {0.4%) -
LL/XY 20 (4.6%) 5(3.5%) 25 (4.3%) 10 (4.3%) 0.02+00'
B/B HL/YY 1 (0.29%) (] 1 (0.29%) 0 -
LYY 20 (4.65%) 5 (3.5%) 25 (4.3%) 5 (2.2%) 0.003 £0.0"
MBL sufficient 284 (65.09)" 99 (69.7%) 383 (66.1%) 153 (65.9%) 2,20+ 1.15
MBL insufficient 153 (35.0%)° 43 (30.3%) 196 (33.9%) 79 (34.1%) 0.26 0.21%
*P < 0,05 vs, AAHHYY and AAHLYY,
P < 0.05 vs. AAHLYY.

TP < 0.01 vs. AAHHYY, AAHLYY, AALLYY, AAHLXY and AALLXY.
P < 0.01 vs. MBL sufficient.
*Haplotype: AA/HH/YY, AATHL/YY, AAJLLIYY. AA/HL/XY and AA/LL/XY.

“Haplotype: AA/LL/XX. AB/HH/YY, AB/HL/YY, AB/LL/YY, AB/HL/XY, AB/LL/XY and BB/HL/YY and BB/LL/YY.

Fig. 1. Relation of plasma mannose-binding lectin (MBL) levels to MBL2
gentypes and haplotypes. *P < 0.01 vs. AAHH haplotype; *P < 0.05 vs.
AAHL haplotype: 'P < 0.01 vs. AAYY haplotype.

genotype, the promoter —550 L/L genotype was associated
with decreased MBL concentration (1.68 =+ 0.14 mg/L) com-
pared with the H/H (2.33+0.12mg/L, P < 0.01) or H/L
(2.23+£0.09mg/l, P<005) genotype, and the
promoter — 221 X/X or X/Y genotype was associated with
a lower MBL concentration (0.46+0.13 and
1.69+0.11 mg/L, respectively) than the Y/Y genotype
(2.34£0.08mg/L, P<001). Accordingly, the plasma
MBL concentration is determined independently with
genotypes of all three SNPs. The mean plasma MBL levels

© 2007 The Authors

of asthmatics (1.47 £ 0.07 mg/L) were not different from
those of the controls (1.66 +0.14 mg/L), and atopic asth-
matics (1.39+0.08mg/l) and non-atopic asthmatics
(1.66 = 0.13mg/L) had similar plasma MBL levels. There
was no significant relation between MBL concentration and
gender, age, onset age of asthma, blood eosinophil cell
count, serum IgE level, and lung function (FEV, and
FEV,%) (data not shown).

Discussion

In this study, we investigated MBL gene polymorphisms
and plasma MBL levels in a relatively large adult Japanese
population and examined the relationship between MBL
and the asthma phenotype. There are linkage disequilibria
within the codon54 and two promoter SNPs. All three
MBL2 polymorphisms affect plasma MBL levels indepen-
dently and the codon54 genotypes have the strongest
effect on plasma MBL levels in Japanese population.
However, these polymorphisms and plasma MBL levels
are not associated with asthma and related phenotypes.
The hypothesis that MBL may have significant roles in
asthma has received much attention, because a significant
amount of information suggests that innate immunity has
a role in the susceptibility to and the pathophysiology of
asthma [4, 5, 20]. MBL is a C-type serum lectin that
specifically binds to carbohydrate structures on various
microorganisms and mediates phagocytosis (opsonic effi-
cacy) [7]. MBL binds to serine proteases called MASPs to
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activate the complement lectin pathway [8]. It has been
suggested that MBL has various roles in asthma mediated
through two streams: complement activation itself and
susceptibility to infectious agents.

In asthma, significant roles for anaphylatoxins (C3a,
C5a), byproducts of complement activation, have been
identified. C3a has long been known to activate mast cells,
basophils, and eosinophils, as well as to cause smooth
muscle contraction. C3a is generated in the lungs of
asthmatic patients but not healthy subjects [21]. In murine
models of allergic AHR and inflammation, airway re-
sponses are inhibited by complement activation and small
molecule C3a receptor antagonists [22]. Furthermore,
cell-cell interaction between airway smooth muscle and
mast cells enhances C3a-induced mast cell degranulation,
which likely regulates airway smooth muscle function;
this suggests that C3a contributes to the pathogenesis of
asthma [23, 24]. On the other hand, C5 is activated within
the lungs after infection or exposure to allergen, and C5
inhibition has a profound effect on airway inflammation,
AHR, and airway responses to antigen. C5a serves as a
direct link between the innate immune system and the
development of AHR by directly engaging its receptors
that are expressed in the airways [20]. In addition,
respiratory infections caused by viruses, Chlamydia, and
Mycoplasma have been suggested to be linked with the
pathogenesis of asthma [5]. During infancy, certain
viruses, such as RSV, are implicated as being potentially
responsible for the inception of the asthmatic phenotype
[5, 25]. MBL might be involved in patients’ susceptibility
to such infections.

Several studies have investigated the association be-
tween MBL and asthma, although most of these were
carried out in childhood asthma. In children, MBL defi-
ciency enhanced the risk of infections and was involved in
acute exacerbations of asthma [26-28]. Nagy et al. [26]
concluded that the variant MBL2 alleles play an important
role in the susceptibility of children to asthma, especially
in association with C. pneumoniae infection. These studies
suggest that a defect or reduction of MBL facilitates
asthma. Uguz A. et al. compared the serum MBL levels in
72 asthmatic children and 30 controls; they found sig-
nificantly increased serum MBL levels in the asthmatic
children and a significant correlation between MBL and
blood eosinophils [28], suggesting that increased oxida-
tive stress in asthmatic airways stimulates MBL synthesis
and results in complement activation. This activation may
contribute to the airway inflammation seen in asthma.
Kaur et al. [29] and Leung et al. [30] have reported a
similar association . In the mouse asthma model induced
by Aspergillus fumigatus, similar results were reported.
Hogaboam et al. [31] examined the effect of MBL-A
deficiency and found that MBL-A contributed to the
development and maintenance of AHR, but not to the
development of airway remodelling. The results of the

above studies are somewhat contradictory. However, in
the clinical studies, the number of subjects examined was
small, which makes it difficult to arrive at definite
conclusions. In adult asthma, there is only one study
reported by Aittoniemi et al. [32] that involved 137 atopic
and 104 non-atopic asthmatics dealing with these issues.
They examined MBL2 polymorphism in adult asthmatics
and found that the presence of variant allele X and low
MBL expression were risk factors for asthma only in non-
atopic males; however, MBL had no effect on the occur-
rence of atopy. There was no significant difference in the
frequency of allele X between non-atopic males and non-
atopic controls (8.1% and 11.9%, respectively, P=0.285)
in our study.

In the present study, we examined 579 adult asthmatic
subjects (437 atopic and 142 non-atopic asthmatics) in
whom detailed clinical information, including pulmonary
functions, serum IgE, peripheral eosinophil count, and
treatment history, was available. The results of our study
indicate that MBL2 polymorphisms and haplotypes are
not associated with susceptibility to asthma, serum IgE
levels, or peripheral eosinophil counts. In addition, plasma
MBL levels have no clear relationship with age, age of
onset, duration, and the severity of asthma. Therefore, the
MBL genotypes and plasma MBL levels are not associated
with the asthma phenotype in the adult population.
Plasma MBL levels are dependent on age; children under
15 years of age have significantly higher serum MBL
levels than adults [33]. In addition, the effect of MBL
deficiency on the susceptibility to infectious agents seems
to be age-dependent, because children with MBL defi-
ciency tend to be more susceptible to such infections than
adults with the same deficiency. In this study, plasma MBL
levels showed no significant change according to age,
suggesting that plasma MBL levels remain unchanged
when subjects become adults. Given these findings, it is
possible that the link between MBL and asthma phenotype
gradually weakens as subjects become older and is not
observed in adulthood.

In summary, although there are good reasons to suspect
that MBL has a role in asthma, the results of the present
study suggest that the asthma phenotype is independent
of the MBL2 genotypes and plasma MBL levels, at least in
the adult population.
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Since the first determination of structure of the HLA-A2 complex,
>200 MHC/peptide structures have been recorded, whereas the
available T cell receptor (TCR)/peptide/MHC complex structures
now are <20. Among these structures, only six are TCR/peptide/
MHC Class Il (MHCII) structures. The most recent of these structures,
obtained by using TCR-Ob.1A12 from a multiple sclerosis patient
and the MBPB5-99/HLA-DR2 complex, was very unusual in that the
TCR was located near the N-terminal end of the peptide-binding
cleft of the MHCII protein and had an orthogonal angle on the
peptide/MHC complex. The unusual structure suggested the pos-
sibility of a disturbance of its signaling capability that could be
related to autoimmunity. Here, homology modeling and a new
simulation method developed for TCR/peptide/MHC docking have
been used to examine the positioning of the complex of two
additional TCRs obtained from the same patient (TCR-Ob.2F3 or
TCR-Ob.3D1 with MBP85-99/HLA-DR2). The structures obtained by
this simulation are compatible with available data on peptide
specificity of the TCR epitope. All three TCRs from patient Ob
including that from the previously determined crystal structure
show a counterclockwise rotation. Two of them are located near
the N terminus of the peptide-binding cleft, whereas the third is
near the center. These data are compatible with the hypothesis
that the rotation of the TCRs may alter the downstream signaling.

human leukocyte antigen | multiple sclerosis | myelin basic protein |
structural docking | signaling

he elucidation of structures of protein complexes is an
arduous procedure particularly when the complexes are very
large. The production of protein by recombinant techniques and
subsequent crystallization of the complexes followed by x-ray
diffraction analysis is a standard method. Structures can also be
determined by NMR but that technique is presently limited to
only relatively small proteins or complexes not >40-50 kDa. The
third method, simulation of structures by homology modeling,
has improved greatly in recent years. However, this technique is
usable only when an appropriate template structure is available.
Crystallization and structure determination by x-ray diffrac-
tion of a MHC-encoded Class 1 (MHCI) protein/peptide com-
plex was first accomplished in 1987 and MHCII in 1993 (1, 2).
Since then, >200 structures of such complexes have been
recorded (3). The B chain of the TCRs that recognize these
complexes were first cloned in 1984 (4, 5), and the first structure
of a TCR chain was published in 1995 (6). Approximately 40
complete TCR structures including both a and B chains are
available now (3, 7). Similarly, the first TCR/peptide/MHC
complex structures were published in 1996 (8, 9) but the number
of such complex structures available now is <20 (3). Among
these, only six are TCR/peptide/MHCII structures, The most
recent of these structures is very unusual in that the TCR was
located near the N-terminal end of the peptide-binding cleft of
the MHCII protein and its orthogonal angle on the MHCII/
peptide was 84° as compared with a diagonal angle of 40-53° for
the other five structures (10). Also, it was rotated counterclock-
wise on the MHC molecule relative to the other structures. This

www.pnas.org/cgl/doi/10.1073/pnas.0807338105

unusual structure suggested the possibility of a disturbance of its
signaling capability that could be related to autoimmunity
because this TCR, termed Ob.1A12 had been obtained from an
autoreactive clone derived from a patient with multiple sclerosis
(10). In fact, eight clones were obtained from this patient, two
of which represent unique isolates (TCR-Ob.1A12 and TCR-
Ob.3D1) and six of which have identical sequences, TCR-Ob.2F3
being an example (11).

In this article, we have used homology modeling of TCR
structures on the appropriate templates and a new simulation
method developed for TCR/peptide/MHC docking to examine
the structures of the TCR/peptide/MHCII complexes of TCR-
Ob.2F3 and TCR-Ob.3D1 in complex with the same MHC/
peptide, namely HLA-DR2 (DRB1*1501/DRA) binding the
myelin basic protein peptide epitope MBP85-99. MBP85-99 has
previously been identified as the autoreactive peptide epitope in
humans (12).

Results and Discussion

The AutoDock procedure was originally developed for docking
studies of small chemicals to their receptors, for example the
docking of a substrate to an enzyme (13). It makes use of charge and
hydrophobicity calculations for both the receptor and the ligand
(see Materials and Methods). By using this method in the present
context, the peptide in question was first docked to the appropriate
MHC molecule and separately to the TCR protein. The confor-
mation of the peptide used in the docking in each case was taken
from the crystal structure of the MBP85-99/HLA-DR2
(DRB1"1501, DRA) complex (10). After TCR/peptide and pep-
tide/MHC structures were simulated, the two structures were
merged by using the conformation of the peptide as the basis for
merging. To validate the procedure, the technique was carried out
by using two known TCR/peptide/MHC structures, that of the
HLA-DR1 (DRB1*0101/DRA)/hemagglutinin (HA) 306-318
molecule in complex with the HLA-DR1-restricted HA306-318-
specific TCR-HA1.7 (PDB ID code 1FYT) and then of the
HLA-DR2/MBP85-99 molecule in complex with TCR-Ob.1A12
(PDB ID code 1YMM).

Simulated Structure of the TCR-HA1.7/HA306-318/HLA-DR1 Complex
and the TCR-Ob.1A12/MBP85-99/HLA-DR2 Complex. The docking of
HA306-318 to HLA-DR1 was simulated 10 times. Six of the 10
simulations showed exactly the same conformation inside the
peptide-binding groove with energy equal to —33.8 kcal/mol
(Fig. 14). Four of the 10 showed different conformations binding
outside of the groove with higher energies of —5.59, —35.59,
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Fig. 1. Docking simulation of the HA306-318 peptide on HLA-DR1 and on
TCR-HA1.7. (4) The six clustered docked peptides of HA306~318 on HLA-DR1
are indicated as space filling models in brown. (8) The four nonclustered
docked peptides are Indicated as space filling models In yellow. In 4 and B,
HLA-DR1 (DRB1*0101/DRA) (20) is shown as a surface model in white. (C) The
nine clustered docked peptides of HA306-318 on TCR-HA1,7 are indicated as
space filling models in brown. (D) The one nonclustered docked peptide is
shown as a space-filling model in yellow. In € and D, TCR-HA1.7 ls shown as a
surface model in white. (F) Merging of the docked TCR-HA1.7/HA306-318 and
HA306-318/HLA-DR1 was carried out by using the conformation of the pep-
tide as the basis for merging. Superposition was performed between the
docked structure and the crystal structure of TCR-HA1,7/HA306-318/HLA-DR1
(20). Docked structure of TCR-HA1.7 in cyan, HA306-318 in brown, and crystal
structures of both TCR-HA1.7 and HLA-DR1 in blue. The two TCR structures
were superimposed by means of structures of HA306-318.

~5.68 and —8.73 kcal/mol (Fig. 1B). One of the clustered
conformations inside the groove with the lowest energy was
selected as representative.

Similarly, HA306~318 docking to TCR-HA1.7 was simulated
10 times. Nine of the 10 simulations had almost the same
conformation with energy equal to —5.59 kecal/mol five times and
energy —5.67 four times (Fig. 1C). One of the 10 simulations
yielded a different conformation with a higher energy of —5.02
keal/mol (Fig. 1D). Again, one of the five clustered conforma-
tions with the lowest energy was selected as representative.

Next, the TCR-HA1.7/HA306-318 simulated complex was
merged with the HA306-318/HLA-DR1 simulated complex to
give the TCR-HA1.7/HA306-318/HLA-DR1 complex by using
the structure of the peptide as the basis for merging (a related
procedure was used in a docking study of the dimeric maltose-
binding complex involving maltose-binding protein and aspar-

15524 | www.pnas.org/cgi/doi/10.1073/pnas.0807338105

Fig. 2. Docking simulation of the MBPB5-99 peptide on HLA-DRZ and on
TCR-Ob.1A12. (A) The four clustered docked peptides of MBPB5-99 on HLA-DR2
are indicated as space filling models in brown. (B) The six nonclustered doced
peptides are indicated as space filling models in yellow. In A and 8, HLA-DR2
(DRB1*1501/DRA) (10) is shown as a surface model in white. (C) The six clustered
docked peptides of MBP85-99 on TCR-Ob.1A12 are indicated as space filling
models in brown. (D) The four nondustered docked peptides are indicated as
space filling models in yellow. In C and D, TCR-Ob.1A12 is shown as a surface
model in white. (E) Merging of the docked TCR-Ob. 1A12/MBP85-99 and MBPES—
99/HLA-DR2 was carried out by using the conf of the peptide as the basis
for merging. Superposition was performed between the docked structure and
the erystal structure of TCR-Ob.1A12/MBP85-99/HLA-DR2 (10). Docked structure
of TCR-Ob.1A12 in cyan, MBPE5-99 in brown, and crystal structures of both
TCR-Ob.1A12 and HLA-DR2 in blue, The two TCR structures were superimposed
by means of structures of MBP85-99.

tate receptor, although in this case the octapeptide used was
from a functional region of the maltose-binding protein) (14).

This simulated structure of the ternary complex was merged
with the structure determined by crystallization and x-ray dif-
fraction and gave excellent reproducibility with a rmsd of 1.64
(Fig. 1E). The same procedure was carried out to obtain the
TCR-Ob.1A12/MBP85-99/HLA-DR2 structure. The docking of
MBP85-99 to HLA-DR2 was simulated 10 times. Four of the 10
simulations showed exactly the same conformations inside the
peptide-binding groove with energy equal to —26.8 keal/mol
(Fig. 24). Six of the 10 showed binding outside of the groove each
with a different conformation and with much higher energies of
—3.02, —4.95, —4.95, —5.54, —5.64 and —5.91 kcal/mol (Fig. 28).
One of the clusiered conformations inside the groove with the
lowest energy was selected as representative.

Kato et al,
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Fig.3. Sequence alignment of TCR-Ob.2F3 and TCR-Ob.3D1 with TCR-Ob.1A12. (4) Sequence alignment between TCR-Ob.2F3 and TCR-Ob.1A12. (B) Sequence
alignment between TCR-Ob.3D1 and TCR-Ob.1A12. Differences in amino acids between the two clones are indicated in yellow. *, identical amino acids; +, similar

amino acids.

Similarly, MBP85-99 docking to TCR-Ob.1A12 was simulated 10
times. Six of the 10 simulations had almost the same conformation
with energy equal to —4.78 five times and energy —4.65 once (Fig.
2C). Four of the 10 simulations each yielded a different confor-
mation with a similar energy of —4.50, —=5.08, —5.32, and -5.32
kcal/mol (Fig. 2D). Again, one of the six clustered conformations
with the lowest energy was selected as representative.

The TCR-Ob.1A12/MBP85-99 simulated complex was also
merged with the MBP85-99/HLA-DR2 simulated complex as

described above to give the TCR-OblA12/MBP85-99/HLA-
DR2 complex. Merging of the simulated structure with the
structure determined by x-ray crystallography gave excellent
reproducibility with a rmsd of 1.54 A (Fig. 2E). Thus, by using
two known TCR/peptide/MHC complexes, these data provided
a validation for the docking procedure used.

Notably, the energies of docking of the two peptides to their
respective MHC proteins (—34 and —27 kcal/mol) were much lower
than the energies of their docking to their respective TCR (—5.6

Fig.4. Positioning of TCR-Ob.2F3 and TCR-Ob.3D1 on MBPBS-39/HLA-DR2. (4) Docking simulation of the MBP85-99 peptide on TCR-Ob.2F3. The 10 clustered docked

peptides are indicated as space filling models in brown, TCR-Ob.2F3 Is shown as a surface model in white. (8) Docking simulation of the MBPE5-99 peptide on
TCR-0b.30D1. The 10 clustered docked peptides are indicated as space filling models in brown. TCR-Ob.3D1 is shown as a surface model in white, (C) Comparison of
p ing of the TCRs obtained from patient Ob. on the MBPB5-99/HLA-DR2 structure. The structures of TCRs, MBPE5-99 and HLA-DR2 (DRB1*1501/DRA) are shown
as ribbon models. MBPB5-99 and HLA-DR2 in blue, the a chains of the three TCRs in yellow, and the g chains of the three TCRs in red. Functionally important resid

of MBP85-99 are shown as space filling models, E85 and N86 in green, V88 and K93 in orange, H90 and F91 in red, and 195 in yellow (see Results and Discussion).

Kato et al. PNAS | October7,2008 | vol. 105 | no.40 | 15525
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mune TCR. All of the others are autoimmune TCRs. Black lines are drawn between the $-5 bonds of TCRa and TCRB. Coloring is the same as in Fig. 4C. N, N-terminal
shift; R, counterciockwise rotation. The degrees of rotation taking TCR-HA1.7 on HA306-318/HLA-DR1 as 0" were as follows: TCR-3A6, —=7°; TCR-172.10, —4%;

TCR-Ob.1A12, +37% Ob.2F3, +47"; and TCR-Ob.3D1, +48".

and —4.8 kcal/mol). Thus, the binding of the peptide to the MHC
proteins is much stronger than the binding to the TCR (13).

Simulated Structure of the TCR-Ob.2F3/MBP85-99/HLA-DR2 Complex
and the TCR-Ob.3D1/MBPB5-99/HLA-DR2 Complex. Next, structures
of two TCR complexes from patient Ob whose complexes with
HLA-DR2/MBP85-99 had not been determined were modeled.
The sequence alignment with the template TCR-Ob.1A12 of
these two TCRs, TCR-Ob.2F3 and TCR-0b.3D1, are shown in
Fig. 3. Notably, TCR-Ob.2F3 has 99% scquence identify with
TCR-Ob.1A12 differing at only three amino acid positions. One
of these is near the CDR3 loop of the TCR « chain and the other
two are in the CDR3 loop of the TCR B chain. By contrast,
TCR-Ob.3D1 had only 89% identify in the TCR a chain differing
from TCR-Ob.1A12 by 10 positions including two gaps. It had
only 37% identify (but 59% similarity) in the B chain differing
from the template structure by 40 aa including two insertions in
the CDR3 loop.

When MBP85-99 was docked to the modeled TCR-Ob.2F3, the
10 simulations showed almost the same conformation with energies
of —5.77 kcal/mol five times, —5.76 four times, and —5.75 once (Fig.
44). One of the clustered confirmations with the lowest energy was
again selected as representative. The TCR-Ob.2F3/MBP85-99
docked structure was merged with the crystal structure of MBP85-
99/HLA-DR2 again by using the conformation of the MBP85-99
peptide as the basis for merging.

Similarly, MBP85-99 was docked to the model TCR-Ob.3D1
10 times. All 10 simulations showed exactly the same confor-
mation with energy —8.2 kcal/mol (Fig. 4B). One of these

15526 | www.pnas.org/cgl/doi/10.1073/pnas.0807338105

clustered conformations was again selected as representative
and as before docked with the MBP85-99/HLA-DR2 structure.

The structural models that resulted form these simulations are
shown in Fig. 4C. Several features are obvious. First, like
TCR-Ob.1A12 (10), TCR-Ob.2F3 is positioned toward the N-
terminus of the peptide-binding groove. However, it is located
very slightly more toward the C-terminal end of the peptide.
With regard to rotation, the counterclockwise rotation of
Ob.1A12 (+37°) as compared with HAL1.7 (taken as (°) is
apparent (Fig. 5). The TCR-Ob.2F3 had an even greater coun-
terclockwise rotation (+47%).

TCR-0b.3D1 by contrast was located near the middle of the
peptide-binding cleft at the apex of the helixes in a similar
position to TCR-HAL7 (Figs. 4C and 5). However, again its
counterclockwise rotation with regard to TCR-HA1.7 was large
(+48°) and similar to that of TCR-Ob.2F3. When viewed from
the top, the orthogonal angle of all three TCRs was distinct from
that of HAL7 and the other TCR/peptide/MHC complexes
whose structures had been determined (5, 3, 15, 16). All three
autoimmune TCRs show a counterclockwise rotation and two of
them are located near the N-terminus of the peptide-binding
cleft. These data are compatible with the hypothesis (10) that the
rotation of the TCRs may alter the downstream signaling.

Available data on peptide specificity of the TCR epitope are
compatible with these structures (Table 1, compiled from refs.
11, 12, 17, 18). With regard to the peptide, both TCR-Ob.1A12
and TCR-Ob.2F3 are sensitive to deletion of the N-terminal
residue 85 of MBP85-99, whereas TCR-Ob.3D1 can recognize
even a truncation of two residues at the N-terminus of

Kato et al,



Table 1. Characters of the T cell clones from patient Ob

Clone Ob.1A12 Ob.2F3 Ob.3D1

0b.1C3

Ob.1E10

Ob.1E12

Ob.1H8

Ob.2G9
Minimal peptide MBP 85-98 MBP B5-98 MBP 87-98
MBP B5-99 ++++ ++++ ++++
MBP 85-98 + 44+ + 4+t +4+++
MBP B6-98 - = ++++
MBP 87-38 = = ++++
MBP 87-97 - - =
TCR epitope
Major HF— HF-K- HF-K-
Minor —K- —
MBP 85-99 + 4t st + 4+
ValBBAla +4+++ ++++ ND
His90Ala + - =
Phed1Ala ] - =
Lys93Ala ettt ++ -
Asn94Ala ++++ +4 4+ +
lle95ala + 4+t +4+ ++
Val96Ala ++++ +4+++ ++++

Plus symbol indicates the proliferation of the T cell clones. ND, Not deter-
mined. These data are derived from Wucherpfennig et al. (11), Wucherpfen-
nig et al. (12), Hausmann et al. (17), and Wucherpfennig et al. (18).

MBP85-99 (Figs. 4C and 5). Alanine scanning of MBP85-99
revealed that TCR recognition of His-90 and Phe-91 was essen-
tial for all three clones (Table 1). Only TCR-Ob.3D1 was
sensitive to mutation of Asn-94 (P6) or partially Ile-95 (P7),
however, K93 was not essential for TCR-Ob.1A12, and K93A
revealed reduced sensitivity at this residue for TCR-Ob.2F3
(Table 1). However, both K93A and N94A eliminated reactivity
with TCR-Ob.3D1 and 195A reduced reactivity. These data are
compatible with the positions of the three TCR as shown in Figs.
4C and 5. Thus, good structure-function correlations are ob-
served in the three autoimmune T cell clones.

The CD4 coreceptor binds to the membrane-proximal MHCII
domains and is essential for T cell development and T cell function
by recruiting the tyrosine kinase Lck. The alignment of the TCRs
observed here showed that the geometry of the interaction with the
CD4 coreceptor is altered for the TCRs as previously suggested
(10). These findings raise the possibility that CD4 function is
affected in immature T cells by an altered geometry of TCR binding
to peptide-MHC during the formation of immunological synapses
(10). These structures may add to our understanding of the mo-
lecular mechanism that could relate to autoimmunity.

Materials and Methods

Structure Modeling of TCR. Structural modeling of TCR-Ob.2F3 and TCR-
Ob.3D1 was performed by using MOE software {Chemical Computing Group,
www.chemcomp.com) combined with the seg matching procedure (19,
20). Briefly, the structure of TCR-Ob,1A12 complexed with MEPE5S-99/HLA-
DR2 (10) (PDB ID code 1YMM) was used as a template for | logy modeling

1. Bjorkman PJ, et al. (1987) The foreign antigen binding site and T cell recognition
regions of ciass | histocompatibility antigens. Nature 329:512-518.

2. Brown JH, Jardetzky TS, Gorga JC, Stern L, Urban RG (1993) Three-dimensional
structure of the h tass Il histoc ibility antigen HLA-DR1, Nature 364:33-
39.

. Rudolph MG, Stanfield RL, Wilson LA (2006) How TCRs bind MHCs, peptides, and
coreceptors. Annu Rev Immunol 24:419-466.

4. Hedrick SM, Cohen DI, Nielsen EA, Da\rl; MM (1984) Isolation of cONA clones encoding
T cell-specific b ins. Nature 308:145-153.

. flml Y. ﬂ al. (1984) A human T allwiﬁc cDNA clone encodes a protein having

logy to i lobulin chains. Nature 308:145-149.,

w

w
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of TCR-Ob.2F3 and TCR-Ob.3D1. The modeled structure was further energy
minimized (MOE software).

Docking Studies of the TCR with Peptide/MHC. Docking was performed by using
the AutoDock software package running on Intel-based Xeon, ppcDarwin
platform (13). The structure of HLA-DR1 (DRB1*0101/DRA), HLA-DR2
(DRB1*1501/DRA), TCR-HA1.7, TCR-Ob.1A12, TCR-Ob.2F3, or TCR-Ob.3D1 was
used as the target structure. HA306-318 or MBPB5-99 in the conformation
found in their crystal structures (10, 21) was used as the ligand structure.
AutoDock with a Lamarckian genetic search algorithm (LGA) was chosen for
all dockings (13).

The optimized AutoDocking run parameters were similar to those de-
scribed in ref. 13 with minor modification in grid size, a maximum number of
energy evaluati anda i number of generations. The proteinsand
ligandsin the dockings were treated by using the united-atom approximation.
Only polar hydrogens were added to the protein, and Kollman united-atom
partial charges were assugned All waters were removed, Atomic solvation
parameters and f I were assigned to the protein atoms by
using an .M.ITODOCK utility, ADDSOL and the grid maps were calculated by
using AUTOGRID (13).

The dimensions of the grids for docking were thus 180 x B0 x 90 points (67.5
A % 30.0A % 33.7 A) and a grid-point spacing of 0.375 A, and the center of the
grids were placed to cover the surface of the HLA or TCR structure. The ligand was
treated Initially as all atom entities, i.e., all hydrogens were added, then partial
atomic charges were calculated by using the Gasteiger-Marsili method (13).
AUTOTORS, an AUTODOCK wutility, was used to define the rotable bonds in the
ligand to unite the nonpolar hydrogens added by SYBYL for the partial atomic
charge calculation. The partial charges on the nonpolar hydrogens were added
to that of the hydrogen-bearing carbon also in AUTOTORs,

In the analyses, 10 dockings were performed; in the analysis of the docked
conformations, the clustering tolerance as different conformations for the
rmsd was 1.0 A. The step sizes were 0.2 A for translations and 5* for orienta-
tions and torsions. The a and g parameters determined the size of the
mutation in the genetic algorithms, LGA. The Cauchy distribution parameters
were: a = 0 and § = 1. Note that random changes were generated in the
genetic algorithm by & Cauchy distribution,

In the LGA dockings, an initial population of random individuals with a
population sin of 50 individuals was used; a maximum number of 2.5 x 10®
energy eval amaximum berofg ions of 2.7 = 10% an elitism
value of 1, which was the of tnp individuals that ically
survived into the next generation; a mutation rate of 0.02, which was the
probability that a gene would undergo a random change; and a cross-over
rate of 0.80, which was the probability that two individuals would undergo
cross-over, Proportional selection was used, where the average of the worst
energy was calculated over a window of the previous 10 generations, In the
LGA dockings, the pseudoSolis and Wets local search method was used, having
a I of 300 i per local search; the probability of performing
local search on an individual in the population was 0.06; the maxi
of consecutive successes or failures before doubling or halving the local search
step size, r, was 4, in both cases; and the lower bound on r, the termination
criterion for the local search, was 0.01.

TCR/Peptide/MHC Complex Structure. To make the whole TCR/peptide/MHC
complex structure, superposition was done between the docked structure of
the TCR/peptide and the docked structure of peptide/HLA or between the
docked structure of the TCR/peptide and the crystal structure of the peptide/
HLA complex. Then, the peptide structure was removed from the :ynern The
structures obtained were further energy 1 (MOE sof e).
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Summary

Clinical and

Background Allergic rhinitis (AR) is a typical type I allergic disease that occurs through the

Experimental
Allergy

induction of allergen-specific effector T cells. Once established, new effector T cells derive
mostly from memory T cells that are capable of surviving for extended periods, although the
mechanisms by which these memory functions are maintained have not yet been clarified.

In particular, the exact life-span of memory T cells is still not well understood.

Objective Pollinosis patients seemed to be suitable subjects to investigate because such
patients are exposed to antigens strongly for only a limited period once a year. We compared
the seasonal changes in memory T-helper type 2 (Th2) between pollinosis and perennial

allergic subjects.

Methods The clone sizes of the Japanese cedar pollen-specific memory Th cells were measured
by an ELISPOT assay using specific peptides from the patients with cedar pollinosis, and the
seasonal changes were noted. This study was performed for 2 years. The cedar-specific IgE
levels in the peripheral blood were also studied. Mite allergy patients were also enrolled in

the study.

Results The Japanese cedar-specific IL-4-producing Th2 cells were detected in all patients
examined, although the number of cells was low. These Th memory cells increased during the
pollen season and decreased during the off-season. However, more than 60% of the cedar-

specific memory Th2 cells survived up to 8 months after the pollen season. The cedar-specific

IgE levels exhibited changes similar to the cedar-specific Th cells, On the other hand, there
was no drifting of Th memory clone size with the mite allergics, and the IgE levels also did

Correspondence: not change.
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irritation.

Conclusions While pollen-specific Th cells decreased after pollen exposure, their memory
functions continued. Memory clone size maintenance therefore requires repetitive antigen

Keywords allergic rhinitis, clone size, IgE, memory T cell, Th2
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Introduction

In recent years, many countries have experienced an
increase in the prevalence of allergic rhinitis (AR) [1, 2].
In Japan, Japanese cedar (Cryptometria japonica) and
Japanese cypress (Chamaecyparis obtusa) pollens are
considered to be the major unique allergens and their
extent of dispersal is quite large, travelling more than
100 km and thus causing serious pollinosis [3, 4.
Pollinosis is thought to be an adaptive immune re-
sponse that manifests as a type | allergic reaction, and it
occurs as a consequence of fundamental allergenic me-

chanisms involving the induction of pollen-specific T-
helper type 2 (Th2) effector cells from naive ThO cells [5].
Most effector T cells are short-lived, but few effector
T cells become long-lived memory T cells. Once a memory
T cell is established, it retards the induction of new
effector T cells from naive ThO cells, according to the
principle of the ‘original antigenic sin’. Hence, most ef-
fector T cells are derived from memory T cells [6-10]. This
concept describes a phenomenon in which the antibody
response elicited in an individual after a secondary viral
infection reacts more strongly to the viral variant that
originally infected the individual. A similar phenomenon
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is likely to be observed in Th cell responses as they play
critical roles in promoting antibody responses.

Patients with type | allergy are thought to have aller-
gen-specific memory Th cell clones. Immune-therapeutic
intervention directed at diminishing the size of these
clone memory Th2 cells and shifting the cytokine type of
memory Th clones is thought to play a considerably
important role in finding a complete cure.

However, the mechanism by which the antigen-specific
Th memory clone is maintained in an allergic patient has
not yet been clarified. There are several reports describing
the peripheral blood to be re-stimulated by a specific
antigen, while the Th2 cytokine response was measured
both in season orfand out of season [11-13] as well as
before and after immunotherapy [14-16]. In those studies,
peripheral blood mononuclear cells (PBMCs) were stimu-
lated by an antigen, and measured Th2 cytokine or its
mRNA. However, those cytokine responses that were re-
stimulated by whole antigen reflected various kinds of
cells such as T cells, B cells, macrophages and antigen-
presenting cells and did not precisely reflect the function
or the exact number of antigen-specific Th cells. Because
the Th cell response is restricted in major hitocompat-
ibility complex class I, it is necessary to use the Th cell
epitope of class II restrictive to measure the reaction only
for Th cell clones respond to allergen. Our purpose is to
estimate the duration of life-span of allergen-specific
memory T cells. We therefore directly examined the
number of specific Th2 cells to respond to class II restric-
tive T cell epitope, which matched with Japanese human
leukocyte antigen (HLA) variation. These kinds of studies
have not yet been carried out. Pollinosis seemed to be a
suitable subject to investigate the life-span of Th memory
clones because patients are exposed to the antigen for
only a limited period. In the present study, we examined
the specific memory clone size, which is a population size
of memory T cells that recognizes the same specific HLA
restrictive epitope and produces isologous cytokine, We
tried to detect IL-4 productive cells using only seven T cell
epitopes; as a result, the total summation of these seven
kinds of clones is the clonal size.

The limited seasonal nature of antigen exposure is
useful for elucidating the mechanisms used in the main-
tenance of Th memory clone sizes. We examined the
Japanese cedar pollen-specific Th clone sizes and the
associated seasonal changes in patients with cedar polli-
nosis, while also comparing the yearly change in the clone
size due to pollinosis with that due to perennial mite
allergies that were detected by 14 T cell epitopes.

Materials and methods

A total of 41 patients with Japanese cedar pollinosis were
enrolled in this study. The ages of the 20 males and 21
females ranged from 20 to 51, with an average of 31.1

years. The diagnosis of Japanese cedar pollinosis was
based on the occurrence of typical nasal symptoms during
the cedar pollen season and the detection of Japanese
cedar-specific IgE by CAP-RAST (score: 2 or more). All
patients had symptoms for at least 3 years, None of the
patients received immunotherapy or immunosuppressive
drugs (including steroids) within 8 weeks before the start
of the study. The study received prior approval from the
Ethics Committee of the Chiba University (Chiba, Japan).
A written, witnessed informed consent was obtained from
all patients, The study design is shown in Table 1. From
2003 to 2004, 23 patients participated in this study, and
from 2004 to 2005, another 18 patients were enrolled.
Twenty-two patients with perennial AR due to mite were
also enrolled in this study. The ages of the 10 males and
11 females with perennial AR were from 20 to 48, with an
average of 28.8 years. The diagnosis of mite allergy was
based on the occurrence of typical nasal symptoms and
the detection of Der fIgE by CAP-RAST (score: 2 or more).

Ten healthy subjects were also enrolled as controls.
They were all negative for symptom episodes and allergen
IgE.

The blood samples were collected every 3 months after
July, and the PBMCs were obtained by the Ficoll-Hypaque
method from the patients. The samples were stored in
liquid nitrogen until analysis.

Clinical symptoms

The nasal symptoms were evaluated on a scale from 0 to 4
in accordance with the practical guidelines for the treat-
ment of AR [17], as follows: 0, no sensation; 1, mild; 2,
moderate; 3, severe; and 4, extremely severe. Daily
episodes of sneezing and nose blowing were rated 0 to 4,
as follows: 0, none; 1, 1-5 episodes; 2, 6-10 episodes; 3,
11-20 episodes; and 4, > 20 episodes. The medication was
also recorded according to drug characteristics and dura-
tion of usage, according to the guidelines, as follows: anti-
histamine, mast cell stabilizers and vasoconstrictor were
1, and topical ocular or nasal steroids were 2.

Reagents

Antibodies. The monoclonal antibodies (MoAb) used for
the ELISPOT assay were acquired from MABTECH (Stock-
holm, Sweden). For coating, MoAb 82-4 and MoAb 1-DIK
were used to coat human IL-4 and IFN-y, respectively. For
detection, MoAb 12-1 and 7B6-1 were used to detect
human IL-4 and IFN-y, respectively. For the FACS analy-
sis, anti-human Cy5-conjugated CD4, FITC-conjugated
IFN-vy and PE-conjugated IL-4 were purchased from Dako
(Tokyo, Japan).

Peptides. A recombinant hybrid peptide was used for the
ELISPOT assay. This peptide comprised of the seven CD4 T
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Table 1. Time schedule for examination
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The Group 1 patients were recrulted after the pollen season of 2003 and the Group 2 patients were recruited after pollen season of 2004. The blood
sampling was performed every 3 months starting in July. The last blood sampling was performed after the pollen season of May, and the samples were

analysed simultaneously.

cell determinants of Cry j 1 and Cry j 2, and the major
Japanese cedar pollen allergens. Almost all the patient
populations responded to this hybrid peptide, which is
comparable to the response to Cry j 1 and Cry j 2.
Moreover, because the seven peptides do not contain IgE-
binding residues of C. japonica allergens, the recombinant
peptide will not directly influence IgE-bearing cells such
as mast cells, basophils and B cells [18]. The recombinant
peptides for mite allergy were also prepared. This peptide
comprised of the 14 CD4 T cell determinants of Der f 1 [19]
and Der f 2 [20], and the major mite allergens. Almost all
the patient populations responded to these peptides,
which is comparable to the response to Der f 1 and Der
f 2. Those peptides were Class II restricted and recognized
Th cells only.

ELISPOT

The ELISPOT assay was performed according to the manu-
facturer’s instructions. Briefly, the anti-human IL-4 or
IFN-y MoAbs were diluted to a concentration of 15 pg/mL
in sterile, filtered (0.45 pm) PBS (pH 7.2), and 100 pL/well
was added onto nitro-cellulose plates (Millititre, Millipore
Corp., Bedford, MA, USA). The plates were incubated
overnight at 4°C and the unbound antibodies were
washed with filtered PBS thereafter. After the last wash,
the PBS was sucked through the membrane under vacuum

@ 2007 The Authors

(Millipore Corp.). One hundred microlitres of the pre-
stimulated cell suspension was added to each well in
duplicate, and the plates were incubated for 10h at 37 °C.
The cells were subsequently washed before adding 100 pL
of the biotinylated MoAbs (1 pg/mL), and were then
incubated for 2h at room temperature. The plates were
then washed and incubated for 90 min at room tempera-
ture with 100pL of streptavidin alkaline phosphatase
(Mabtech, Stockholm, Sweden) at a dilution of 1: 1000.
The unbound conjugate was removed by another series of
rinsing before 100 uL of BCIP/NBT substrate solution (Bio-
Rad, Richmond, CA, USA) was added, and the plates were
incubated at room temperature until dark spots emerged
(1 h). The colour development was stopped by repeated
rinsing with tap water. After drying, the spots were
captured photo-electrically and counted by a computed
analysis to aveid any visual bias, using Auto Counter
(ImmunoScan, CTL, Gmiind, Germany).

Pollen counts
The combined annual cedar and cypress pollen counts
were measured using Durham pollen samplers.

Statistical analysis

Wilcoxon's paired rank sum tests were used to compare
the mean values. A Friedman two-way Anova was used to
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analyse paired data. Peason’s tests were used to determine
the correlation coefficients.

Results

The cedar and cypress pollen counts determined using the
Durham samplers were 470 cm/season in 2004, which was
1/20 of the average for the last 10 years. In 2005, we
obtained 7852 cm/season, which was threefold higher
than that of the average for the last 10 years. The seasonal
symptoms were comparatively mild in 2004, and com-
paratively serious in 2005. The mean symptom-medica-
tion scores during the pollen season in 2004 and 2005
were 1.4+ 2.1 and 2.8 & 2.3 (mean =+ SD), respectively.
Before the study, we compared the peptide-specific Th2
clone size of the patients with that of healthy controls in
October, which is off pollen season. After stimulation with
10 nmol/L of cedar-specific peptides, the mean values of
the IL-4 spot from the healthy controls and patients with
cedar pollinosis that were obtained are shown in Fig. 1.
Positive spots were obtained only in the samples from the
pollinosis patients, but not from controls (A), although
spots were equally obtained in the samples from both
patients and controls when stimulated by Con AasapanT
cell stimulant (B). We also confirmed peptides for mite.
The IL-4 spots were obtained only in the samples from the
patients, but not from the controls (Fig. 2a), although
spots were equally obtained in the samples from both
patients and controls when stimulated by Con AasapanT
cell stimulant (Fig. 2b). Peptide-specific IL-4 spots were
detected in all samples examined. Approximately 10-100
peptide-specific IL-4 spots were observed in the wells

(a) P<0.01 (b) NS
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Fig. 1. The mean values of IL-4 spots in the samples from the healthy
control subjects and patients with cedar pollinosis are shown. (a) 1 x 10°
cells were stimulated by a peptide derived from Cry j 1 and Cry j 2. The
spots were obtained only in the samples from the pollinosis patients, but
not from the controls. (b) 1 % 10* cells were stimulated by Con A.apan T
cell stimulant. The spots were equally obtained in the samples from both
the patients and the controls, NS, not significant.
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Fig. 2. The mean values of IL-4 spots in the samples from the healthy
control subjects and patients with cedar pollinosis are shown. (a) 1 x 10°
cells were stimulated by a peptide derived from Der f 1 and Der f 2. The
spots were obtained only in the samples from the pollinosis patients, but
not from the controls. (b) 1 x 10* cells were stimulated by Con A, a pan T
cell stimulant. The spots were equally obtained in the samples from both
the patients and the controls. NS, not significant.

incubated with 10° PBMC based on the ELISPOT assay.
These spots were analysed in triplicate in each of the
experiments and exhibited good reproducibility.

We carried out a depletion assay in advance with whole
PBMC from three patients with Japanese cedar pollinosis
using an antibody-conjugate magnetic bead kit (MACS
system, Miltenyi Biotec GmbH, Tokyo, Japan). When CD4
was depleted, the spots of ELISPOT disappeared; however,
after the depletion of CD8, the number of spots was equal
to that with whole PBMC. The depletion of CD28 also
caused the spots to disappear. These results show that the
present ELISPOT assay using a hybrid peptide was (D4
restricted and the CD28 expression was indispensable for
the detection of the spots (data not shown).

The seasonal changes in peptide-specific IL-4 spots are
shown in Fig. 3. The IL-4 spots decreased after July, and
were at their lowest in January before the onset of the
cedar pollen season, which were almost 60% of those
observed in July. The IL-4 spots increased during the cedar
pollen season in 2004 despite the small amount of pollen
(Fig. 3a). The same trend in seasonal changes was obtained
during the 2005 season. The IL-4 spots decreased after
July, and were at their lowest in January before the onset
of the cedar pollen season, which were almost 60% of
those observed in July (Fig. 3b). Interestingly, the clone
size on May 2005 was 40% larger than that on July 2004.
This phenomenon was not seen during the 2004 season.

The seasonal changes in the cedar-specific IgE levels in
the serum of the patients are shown in Fig. 4. While the
cedar-specific IgE decreased after the pollen season in
2003, it did not increase during the cedar pollen season in
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