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Figure 1. S72 gene structures and the roles of promoters in the induction of ST2 transcripts. (A) ST2 (IL1RL1) locus SNP map in the genomic region. The
complete coding region of ST2, intron/exon boundaries, ~3 kb of 5'-genomic DNA, is shown, The longer variant (ST2L) has 11 exons and the shorter
variant (sST2) has eight exons. These exons are indicated by closed rectangles. (B) Comparison of allelic variants of the ST2 distal promoter region analyzed
by tuciferase activity. Allelic differences in luciferase activity were examined using human mast (LAD2) cells. The constructs of the reporter plasmids are shown
on the left. Five hundred nanograms of each plasmid was transfected with 10 ng of pRL-TK vector. Transcriptional activity was determined by assaying the
firefly luciferase activity of cellar extracts prepared 24 h after transfection. Data show the mean + SD relative activity from a representative experiment
done in triplicate. *P = 0.004 by Student’s #test. (C) RT-PCR with cDNA from various cells in skin using specific primer sets for distinguishing each promoter
and subtype (ST2L/sST2) expression. (Top left) Forward primer: exon 1a (distal promoter), reverse primer: sST2 specific region. (Top right) Forward: exon 1a,
reverse: ST2L-specific region. (Bottom left) Forward: exon 1b (proximal promoter), reverse: sST2. (Bottom right) Forward: exon 1b, Reverse: ST2L. Lane 1:
LAD2 (mast cells), lane 2: KC cultured with serum-free medium (SFM), lane 3: KC cultured with SFM + 10% FBS for 24 h, lane 4: dermal fibroblasts. M1: 1 kb
molecular marker, M2: 100 bp molecular marker.
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Table 1. Genotype frequencies for ST2 SNPs and AD susceptibility
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SNP Location Control (n = 636) AD (n = 452) P-value®  P-value® P-value®
number 12 3 Sum Minorallele 1 23 Sum  Minor allele
frequency frequency

1 14 —27639A/G 205 295 124 624 0.44 99 235 115 449 0.52 0.0026¢ 0.0007" NS

2 18 —26999G/A 223 279 112 614 0.41 106 240 106 452 0.50 0.00024%  0.000049¢ NS

3 4 744C/A 415 182 28 625 0.19 313 123 9 445 0.16 NS NS NS

4 49 2992C/T 221 286 113 620 0.41 183 205 57 445 036 NS NS NS

5 51 5283G/A 272 273 79 624 0.35 204 195 48 447 033 NS NS NS

6 57 5860C/A 225 284 110 619 0.41 187 205 56 448 0.35 NS NS NS

7 67 11147C/T 251 280 91 622 0.37 209 189 47 445  0.32 NS NS NS

NS, not significant.

*Allelel versus allele2.

chnotypell versus 12 4-22.

‘Genotypell + 12 versus 22.

P-value statistically significant after Bonferroni correction (raw P-values were multiplied by 7).

Table 2. Association between ST2-26999 G/A SNP and AD

Controls AD X OR AD total X OR
(n=614) (n = 452) (P-valuc) (95% CI) IgE>1700 (n = 250) (P-value) (95% CI)

~-26999G/A GG:others GG:others

GG 223 106 20.20 1.86 53 30.23 2.55

GA 279 240 (0.0000070)* (1.42-2.45) 166 (0.000000038)* (1.81-3.58)

AA 112 106 (0.000049)° 7 (0.00000027)°

*Raw P-value.

P-value after Bonfetroni correction.

Table 3. Haplotype structures and frequencies in ST2 distal promoter 90kDa in the IP samples with an anti-ST2 antibody
(clone2A5). Deglycosylation with PNGaseF showed a shift

Haplotype Haplotype frequency X Pvalue  OR  of the band to lower molecular weight, corresponding to the

~27639, —26999  Case Control molecular  weight of non-glycosylated ST2L protein
(Fig. 2A). To further demonstrate the surface expression of

ég g'i? g‘gg }2?2 g'gg(‘)i iiz ST2L protein, non-stimulated LAD2 cells were stained with

G: G 0:025 0:019 0:85 0:35 132 the anti-ST2 antibody (Wlth FITC) and analyZCd by FACS.

two separate experiments and the results were similar. The
total IgE concentration in the sera of 428 AD patients was
measured with the fluorescence-enzyme immunoassay
(FEIA) (Supplementary Material, Fig. S4B). The total IgE
concentrations were 5371.9 TU/ml (mean) for the sera from
—26999G/G genotype patients and 7898.7 IU/m! for those
from —26999 G/A -+ A/A genotype patients. The serum con-
centration of total IgE was significantly lower in the sera
of —26999G/G patients (P =0.0024 by Mann—Whitney
U-test). The correlation between the sST2 and the total IgE
concentration was examined among —26999A/A genotype
patients (Supplementary Material, Fig. S4C); Pearson’s corre-
lation coefficient was 0.28.

STZL protein expression on the surface of human
mast cells

Immunoprecipitation (IP) and subsequent western blotting
using LAD2 cell lysate showed a positive band around

The histogram showed a positive shift of the mean FITC inten-
sity of ST2 staining (dotted line, Fig. 2B) compared with that
of isotype-matched mouse IgG.

Immunohistochemistry

A paraffin section of the skin biopsy sample from an AD
patient in the acute stage was stained with an anti-ST2 mono-
clonal antibody (clone HB12). Positive staining was observed
on the cell surface of KC in the suprabasal layer and infiltrat-
ing cells in the dermal layer (Fig. 3A and C). ST2-positive
staining was observed only with the infiltrating cells in the
dermal layer of the skin of another AD patient in the
chronic stage (Fig. 3B). Immunostaining with control mouse
IgG, did not show positive signals (data not shown).

DISCUSSION

We found an SNP in the distal promoter region of ST2
(—26999G/A) that showed a significant association with AD
during our series of genetic association studies within the
ILIR gene cluster. This is the first association study for the
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Table 4. Haplotype structures and frequencies in ST2
HaplotypelID Haplotype frequency —27639% — 26999 744 2992 5283 5860 11147

Case Control

Haplotype A 0.41 0.5 G A c T A C c
Haplotype B 0.33 0.32 A G C C G A T
Haplotype C 0.13 0.12 A G A T A C C
Haplotypel/others: X2 = 17.5; P = 0.000028; OR = 1.45.
Haplotype2/others: x> = 0.15; P = 0.703; OR = 1.04.
Haplotype3/others: x* = 0.57; P = 0.451; OR = 1.1.

ST2 gene and the results are intriguing, because the SNPs
directly affect the expression level of Th2 cell marker ST2.
Recent studies have clearly shown essential functional roles
of ST2L protein for Th2-mediated immune responses
(13,18,19), so it seems reasonable to investigate ST2 genetic
polymorphism as a candidate for conferring susceptibility to
AD. The result of case—control association studies of seven
representative  SNPs (Table 1) and haplotype analysis
(Tables 3 and 4) showed that the highest association with
AD was observed with the —26999G/A SNP as a single
locus. There were four other SNPs in the ST2 genomic
region that showed tight LD with the —26999G/A SNP.
Three SNPs were located distal to the —26999G/A SNP in
the distal promoter region. Two SNPs (—28214T/C; 3258 bp
distal from the transcription starting site and —29778C/A;
1694 bp distal from the site) were not included in the func-
tional analysis because our series of 5'-deletion promoter
assays showed that the critical region for ST2 distal promoter
activity was located within 300—-500 bp from the transcrip-
tional starting point (20); therefore, these two SNPs seemed
to be less functional. Of the remaining two SNPs, one SNP
(—27084G/C) was located at 85 bp distal to the —26999G/A
SNP (236 bp distal to the transcriptional starting site); there-
fore, we decided to analyze these two SNPs together by repor-
ter gene assay. The last SNP (—2874A/G) in tight LD with
—26999G/A, located in the proximal promoter region of
the ST2 gene, did not affect the proximal promoter activity
(Supplementary Material, Fig. §2).

The distal promoter reporter gene assay was performed with
two 1132 bp distal promoter constructs, including two major
haplotypes —27639A/~27084G/~26999G and —27639G/
~27084C/—26999A covering >97% of haplotype frequency
(Table 3). In addition to the two SNPs in the state of complete
LD, (—27084/ — 26999), another SNP (—27639 A/G) that
also showed a weak association with AD (Table 1) was
included for analysis. We have reported that a GATA
element commonly observed in both human and mouse S72
gene distal promoter region was indispensable for the acti-
vation of the promoter activity in Th2 cells (20,21). Therefore,
we made another set of promoter assay constructs (Distal-
A355) deprived of the GATA binding site and two SNP
sites, which showed abrogated transcriptional activity
(Fig. 1B). From these results, we concluded that this 356 bp
region was essential for ST2 transcription and that the two
SNPs (—27084G/C and —26999G/A) had major influences
on the distal promoter activity among the SNPs with signifi-
cant associations.

For further analysis of the roles of the genetic polymor-
phisms, we measured the serum concentrations of sST2 and
total IgE and sorted the results by the genotype in the
distal promoter. As the association study showed the most
significant result under a dominant model (Tables 1 and 2),
we compared the results by the genotype —26999G/G (low
risk for AD) versus —26999A/G + A/A (high risk for AD).
The results matched the results of the reporter gene assay
and the association study. Furthermore, the genectic associ-
ation between the —26999G/A SNP and AD patients for
very high serum total IgE (IgE > 1700 IU/ml) became stron-
ger (Table 2). These results suggested that having at least
one allele of —26999A was correlated with a high sST2
level and a high total IgE concentration and an increased
risk for AD. There is some controversy over the role of
IgE in the pathogenesis of AD (22); therefore, it will be
useful to genotype intrinsic AD (1) patients in the future.

We found a weak correlation (+ = 0.28) between the serum
§ST2 level and the total IgE concentration with the genotype
—26999AA patients. This finding was consistent with the
recent report that the increase of food-specific IgE is paralleled
by elevated sST2 levels, not by serum IL-4, IL-13 and inter-
feron gamma levels (23). These results suggested possible
effects of sST2 in IgE production, so further studies seem to
be essential.

We reported sST2 concentrations of 200 healthy controls
and 56 asthmatic patients previously (24). The sST2 con-
centration of healthy controls was 0-1.65ng/ml (mean
0.415 ng/ml) and that of asthmatic patients was 0—2.40 ng/mtl
(mean 0.493 ng/ml). A differential rise of the serum ST2
level that correlated well with the severity of asthma exacer-
bation was observed (24). The serum concentration of sST2
in AD patients [0—1.02 ng/ml (mean 0.326 ng/ml)] was not
significantly higher or lower than that of healthy controls or
asthmatics; honetheless, there was a correlation between the
ST2 genotype and the sST2 concentration. We are now inves-
tigating the changes of the sST2 concentration during the
clinical stages of AD, and the results might further clarify
the role of sST2 in AD.

It has been reported that the usage of two different promo-
ters (distal and proximal) depends on the type of cell for the
human ST2 gene (21). Consistent with this report, we showed
that only hematopoietic cells utilized the distal promoter and
that ST2 transcription of other skin cells (KC, dermal fibro-
blasts) was initiated from the proximal promoter (Fig. 1C).
These results suggested that the significant association of
SNPs —27084 and —26999 in the ST2 distal promoter
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Figare 2. ST2L expression in LAD2 cells. (A) LAD2 cell lysate samples were
immunoprecipitated with either an anti-ST2 IgG antibody (2A5) or an isotype-
matched control antibody. The immunoprecipitated samples were electro-
phoresed and immunoblotted with an anti-ST2 IgM antibody (clone: G7).
Duplicated samples after IP were treated with PNGaseF for 1 h and then immuno-
blotted simultaneously. Lane 1: anti-ST2-IP, lane 2: control antibody-IP, lane 3:
control antibody-TP-PNGaseF-treated, lane 4: anti-ST2-IP-PNGaseF-treated.
(B) Cell surface ST2L protein expression in LAD2 was analyzed with a
FACS Calibur. FcR of LAD2 cells were blocked and then stained with an
anti-ST2 antibody (2AS5). FITC-goat anti-mouse IgG1 was used as the second-
ary antibody. Staining with control mouse IgG1 is shown with a black line and
the anti-ST2 antibody is shown with the dotted red line.

region predominantly affected hematopoietic cells. We found
that both ST2L and sST2 mRNAs were expressed most
abundantly in mast cells (Supplementary Material, Fig. S3)
and confirmed ST2L expression on mast cells at the
protein level by western blotting (Fig. 2A) and FACS analy-
sis (Fig. 2B). Moritz et al. (14) reported that ST2L was
selectively expressed during the development of mast cell
lineage, and very recently Chen et al. (25) showed that

Figure 3. Immunohistochemical staining of human skin samples obtained
from AD patients with anti-ST2 monoclonal antibody. Paraffin sections of
AD skin biopsies were immunostained with an anti-ST2 antibody (HB12).
(A) Skin biopsy from acute stage AD. Suprabasal layers of KC show membra-
nous ST2-positive staining. Sporadic positive staining in the dermal region
was also observed. (B) Skin biopsy from chronic stage AD. Some of the
infiltrating cells in the dermal layer show positive ST2 staining. (C) High
magnification of anti-ST2 immunostaining with acute stage AD. The arrow-
heads indicate the limit of basement membrane. Bar = 200 pm.

ST2L could be one of the markers for mast cell progenitors
in adult mice. These results suggested that abundant ST2L
expression might positively affect the number of mature
mast cells in the skin, as observed in the AD skin region



(26). The functional roles of ST2L in mast cells will be clari-
fied with an ST2L overexpression system (10), and a study is
ongoing.

The positive immunostaining around the cell membrane of
suprabasal KC in the acute stage of AD (Fig. 3A and C)
reflects the accumulated sST2 in intercellular space because
ST2L mRNA expression in KC was not observed in experi-
ments in vitro. This is consistent with a previous study that
showed intense ST?2 protein accumulation in mouse epidermis
(27), and we think that serum extravasation during the acute
stage of AD may induce sST2 expression in KC as observed
in our in vitro study (Fig. 1C) (Supplementary Material,
Fig. $3). On the other hand, a histological sample from the
chronic phase of AD showed slight ST2 staining (Fig. 3B).
This might be a reflection of the shift toward the Th1 dominant
immunological character observed in the chronic stage of AD
(1,28).

Another clinical feature of AD is a reduced skin innate
immune response (1). ST2L expression could inhibit the
TLR-dependent innate response by sequestering the adaptor
molecules Myd88 and Mal (17). Several reports showed
that both anti-ST2 antibodies and ST2-immunoglobulin
fusion protein could abrogate the Th2 immune response
and eosiriophilic responses (18,29). Therefore, we consider
that sST2/ST2L will be a good therapeutic target of AD
and that understanding of the genetic predisposition for
high ST2 promoter activity may contribute to the prevention
of severe AD.

MATERIALS AND METHODS
Antibodies and cell lines

Anti-ST2 monoclonal antibodies (mouse IgGl; clones 2AS5
and HB12) were purchased from MBL (Nagoya, Japan), and
an anti-ST2 monoclonal antibody (mouse IgM; clone G7)
was generated as previously described (30). Human mast cell
line LAD?2 was kindly provided by Dr Ammold Kirshenbaum
(NIAID, NTH) and maintained as previously described (31).
Human neonatal skin fibroblasts were obtained from RIKEN
cell bank (Tsukuba, Japan), immortalized human normal
keratinocyte cells (PHK16-06b) were obtained from the
Japanese Collection of Research Bioresources (JCRB) cell
bank (Osaka, Japan).

Subjects

All subjects with AD were diagnosed according to the criteria
of Hanifin and Rajka (32). Peripheral blood was obtained from
452 AD patients (mean age 30.0, 1164 years old at enrollment
of the study; mean age 7.1, 0—45 years old at the onset of AD;
236 males and 216 females) from Takao Hospital, Shiga
Medical College Hospital and Yokohama City University
Hospital. Sera for sST2 ELISA assay were also obtained
from some of the patients enrolled in this genetic study. As
a control group, we analyzed 636 randomly selected
population-based individuals (mean age 42.2, 18—70 years).
We excluded the presence of asthma, AD and nasal allergy
in the control population via careful interview by physicians.
All individuals were Japanese and gave written informed
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consent to participate in the study (or, for individuals less
than 16 years old, their parents gave consent), according to
the rules of the process committee at SNP Research Center,
RIKEN.

Screening for genetic polymorphisims

The ST2 genomic region targeted for SNP discovery included
a 2.5kb continuous region 5 to exon la (distal promoter
region) and a 2.5 kb continuous region 5’ to exon 1b (proximal
promoter region) and 11 exons, each with a minimum of 200
bases of flanking intronic sequences (Fig. 1A). Primer sets
(Supplementary Material, Table S1) were designed on the
basis of the ST2 genomic sequence (GenBank accession no.
AC007248). Bach polymerase chain reaction (PCR) was
carried out with 5 ng of genomic DNA from 24 individuals.
Sequence reaction was performed with Big Dye Terminator
v3.1 using an ABI 3700 DNA analyzer.

Genotyping

We genotyped a total of seven representative SNPs in the ST2
gene sclected on the basis of the allele frequency
(MAF > 10%) and LD (Table 1) (Supplementary Material,
Table S2 and Fig. S1). Additional typing was carried out for
some SNPs, in relation to the functional assay for ST2
genes. The SNP typing was carried out either with the
invader assay (33) or with the Tagman genotyping assay
using an ABI PRISM 7700 sequence detection system.
Invader assay was performed with multiplex PCR products
as the template. Tagman genotyping assay was carried out
according to the manufacturer’s protocol.

Statistical analysis

Allele frequencies in AD cases and controls were compared by
the contingency y>-test. A P-value of less than 0.01, also in the
case of multiple comparisons after Bonferroni adjustment, was
considered to be statistically significant. ORs and 95% confi-
dence intervals (95% CI) were calculated. Pairwise LD coefli-
cients were calculated and expressed as r>. Intragenic LD and
haplotype analyses were performed using SNPAlyze v2.0
(DYNACOM, Chiba, Japan) as recommended by the manu-
facturer. We estimated haplotype frequencies using the expec-
tation—maximization algorithm. Comparison in reporter gene
assay was performed with Student’s #-test.”The association
between the serum sST2 level or total IgE concentration and
the genotype was evaluated by the Mann—Whitney U-test.
A P-value of less than 0.05 was considered to be statistically
significant.

Reporter gene assay

We subcloned 1131 bp distal promoter sequences continuous to
exon la into pGL3 basic vector (Promega Corporation,
Madison, WI, USA). Two SNPs in this region (—27084G/C
and —26999G/A) were in the state of complete LD. We made
two haplotype clones 1 (—27639A, —27084G, —26999G) and
2 (—27639G, —27084C, —26999A). Another set of constructs
was made by deleting a 355bp long promoter sequence
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between two Pstl sites, which contained the —27084G/C and
—26999G/A SNPs as well as two putative GATA binding
sequences (named distal-A355). All subcloned plasmids were
verified by direct sequencing. We transfected the pGL3-ST2
promoter plasmid and pRL-TK renilla luciferase vector
(Promega) as an internal control for transfection efficiency into
human cell line LAD2 with DMRIE-C (Invitrogen, Carlsbad,
CA, USA). After 24 h, luciferase activity was measured with a
Dual Luciferase Reporter Assay Kit (Promega).

Measurement of sST2 protein and total IgE

The protein level of sST2 in the sera of AD patients was
measured using human ST2 ELISA kits (MBL) following
the manufacturer’s protocol. The total IgE concentration in
serum was measured by the FEIA method in a commercial
laboratory.

RT-PCR analysis for differential promoter usage

mRNA was isolated from cultured cells (LAD2, KC and
human dermal fibroblasts) with a Quick Prep micro-mRNA
purification kit (Amersham Bioscience, Little Chalfont, UK).
c¢cDNA was made with the Super Script II First-Strand
Synthesis System (Invitrogen) using oligo(dT),o primer. To
distinguish promoter usage for specific cell types and subtypes
(sST2/ST2L) of mRNA, we made sets of specific primers and
performed RT—PCR as previously described (21).

IP and western blotting analysis

First, 1 x 107 LAD2 cells were solublized with lysis buffer
[1% Triton X-100 in 20 mM Tris—HCl, pH 7.6, 150 mM
NaCl with Complete Mini protease inhibitor cocktail tablets
(Roche, Penzberg, Germany)]. The cell lysate was centrifuged
at 20 000g for 15 min at 4°C. The supernatant was taken and
pre-cleared with Protein-A Sepharose (Amersham) for 30 min.
The sample was reacted with 2 pg of the anti-ST2 antibody
(2A5) or control mouse IgGl for 1h and then Protein-A
Sepharose was added. After 3 h rotation at 4°C, the Sepharose
was washed with the lysis buffer and finally suspended with
SDS sample buffer (50 mm Tris—HCI, pH 6.8, 2% SDS,
20% glycerol, 0.4% bromophenol blue, 50 mmM DTT). To
check the glycosylation status of ST2L protein, aliquots of
the IP samples were treated with PNGaseF (New England Bio-
laboratory, Bevery, MA, USA). SDS—PAGE and subsequent
immunoblotting were essentially performed as previously
described (34). In brief, samples were subjected to SDS—
PAGE using 4-20% Tris—glycine polyacrylamide gels and
then electrophoretically transferred onto a PVDF membrane
(Millipore). The membrane was incubated with the mouse
anti-human ST2 IgM antibody (G7) overnight at 4°C. After
washing with PBS, the membrane was reacted with a horse-
radish peroxidase (HRP)-conjugated anti-mouse IgM antibody
for 30 min. The membrane was developed onto X-ray film
with ECL plus (Amersham).

Flow cytometric analysis

Flow cytometric analysis was carried out using the anti-ST2
monoclonal antibody (2AS5). LAD2 cells were washed with

PBS, and Fc receptors (FcR) were blocked with FcR blocking
reagent (Miltenyi Biotec, Gladbach, Germany). Cells were
reacted with 4 pg of the anti-ST2 IgG monoclonal antibody
in a volume of 40 pl for 15 min at room temperature. As a
control, an isotype-matched mouse IgG1 antibody was used.
After washing with PBS, the cells were reacted with an
FITC-conjugated anti-mouse IgG antibody (Dako Japan,
Kyoto). The stained cells were analyzed with a FACS
Caliber (BD Japan).

Immunohistochemistry

ST2 immunohistochemistry was performed essentially as
described previously (35). In brief, formaldehyde-fixed
paraffin sections of the skin biopsies from AD patients were
deparaffinized, then the endogenous peroxidase activity was
quenched with 0.3% H,0, in methanol for 20 min. Non-
specific staining was blocked with blocking buffer (10%
normal goat serum, 1% BSA in PBS) for 30 min. The anti-
ST2 monoclonal antibody (clone HBI2) was applied and
reacted overnight at 4°C. After washing with PBS, slides
were incubated with HRP-conjugated anti-mouse IgG for
30 min. The slides were developed with DAB (Dojindo,
Kumamoto, Japan).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG Online.
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The extracellular matrix glycoprotein tenascin-C (TNC) has been accepted as a valuable histopathological
subepithelial marker for evaluating the severity of asthmatic disease and the therapeutic response to
drugs. We found an assoclation between an adult asthma and an SNP encoding TNC fibronectin type l1-D
(Fn-lll-D) domain in a case~control study between a Japanese population including 446 adult asthmatic
patients and 658 normal healthy controis. The SNP (44513A/T in exon 17) strongly associates with adult bron-
chial asthma (x test, P = 0.00019, Odds ratio = 1.76, 95% confidence interval = 1.31~2.36). This coding SNP
induces an amino acid substitution (Leu1677ile) within the Fn-lli-D domain of the alternative splicing region.
Computer-assisted protein structure modeling suggests that the substituted amino acid locates at the outer
edge of the beta-sheet in Fn-lli-D domain and causes instability of this beta-sheet. As the TNC fibronectin-ii
domain has molecular elasticity, the structural change may affect the integrity and stiffness of asthmatic air-
ways. In addition, TNC expression in lung fibroblasts increases with Th2 immune cytokine stimulation. Thus,
Leu1677lle may be valuable marker for evaluating the risk for developing asthma and plays a role in its
pathogenesis.

INTRODUCTION have an atopic tendency characterized by a Th2 dominant cyto-

kine profile including interleukin (IL)~4 and IL-13 (4). Several
Asthma is a chronic inflammatory disease characterized by studies showed genetic associations between asthma and
smooth muscle hypertrophy, excess mucus secretion and proteinases like ADAM33 (5) or Th2 cytokine receptors (4,6),
increased deposition of extracellular matrix (ECM) around but to the best of our knowledge, there is no report of an associ-
the basement membrane (1-3). Many .asthmatic patients also ation between asthma and ECM genes. The hexametric
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ECM glycoprotein tenascin-C (TNC) has been accepted as a
histopathological marker, beneath the asthmatic airway, for
evaluating the severity and the therapeutic effects of drugs
in bronchial asthma (7,8) because of its tightly controlled
expression pattern. TNC expression is prominently increased
around airway basement membranes of asthmatic patients (8),
and two independent microarray experiments, including our
own, identified TNC as one of the IL-4- or IL-13-induced
genes in human bronchial epithelial cells (9,10). Recent
studies showed that the fibronectin-IIT (Fn-IIT) domain of TNC
has molecular elasticity (11) and mechanical strain can induce
TNC expression (12), so we consider TNC to be more than
just a marker for asthmatic pathology.

In the present study, we show the genetic association between
an adult asthma and an SNP in exon 17 (44513A/T) causing
amino acid substitution in the fibronectin type III-D (Fn-III-D)
domain region of TNC gene (13). We carried out protein struc-
ture modeling of the Fo-III-D domain and found that the amino
acid replacement Leu16771le could affect the structural stability
of the Fn-IT1-D domain, which might affect the elasticity of the
domain. In addition, TNC expression in lung fibroblasts was
increased with IL-4 or IL-13 stimulation. The aim of our study
was to test the association between the coding SNP in the
TNC Fn-II-D domain and asthma and to determine how the
SNP may affect the pathophysiology of asthma.

RESULTS

Identification of TNC genetic pelymorphisins and selection
of representative SNPs

We detected 62 genetic polymorphisms within the TNC region
(Supplementary Material, Table 8§1) by resequencing samples
from 24 Japanese individuals (12 asthmatics and 12 controls).
Of these, we selected 23 SNPs whose minor allele frequency
(MAF) was >20%. To check the intragenic linkage disequili-
brium (LD) pattern in the TNC gene, pairwise LD was measured
by r among the 23 SNPs (Fig. 1A). We selected 10 represen-
tative SNPs on the basis of location and LD with other sites;
the positions of the 10 SNPs are shown in Figure 1B.

Case—control association study using asthmatic patients

We carried out a case—control association study using a Japanese
asthmatic population. Clinical characteristics of the bronchial
asthma patients are presented in Table 1. The severity of
asthma before treatment was classified by the Global Initiative
for Asthma Guideline (14). All 10 investigated SNPs were
within the Hardy—Weinberg equilibrium. The overall success
rate for genotyping was 99.1%. Of these 10, an SNP in exon
17 (44513A/T) had a significant association with adult bron-

chial asthma in our Japanese cohort under a recessive model .

[)(2 test, 44513TT versus AT + AA, raw P-value 0.00019,
Odds ratio (OR) 1.76, 95% confidence interval (95%
CI) = 1.31-2.36] (Table 2). Stronger association was observed
when we limited case subjects to non-smoking asthmatics
(44513TT versus AT + AA, raw P-value 0.000025, OR 2.06,
95% CI = 1.45-2.87). There was no cotrelation between the
severity of asthma and the TNC genetic association (data not
shown).
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Figure 1. Pairwise LD map and SNP map in the TNC genomic region.
(A) Pairwise LD in the TNC gene, as measured by the r~ value between
all pairs of SNPs examined. The position of 44513A/T is indicated with an
asterisk and the remaining nine SNPs genotyped were indicated with red
color. (B) The complete coding region of TNC, intron/exon boundaries,
the intronic sequence, ~3 kb of 5’ genomic DNA and [ kb of 3’ genomic
DNA are shown. Twenty-seven exons are indicated by closed squares. Posi-
tion 1 is the start codon of the TNC gene. An asterisk indicates the
44513A/T SNP.

LD mapping around the TNC gene

To exclude the possibility that our results reflected the associ-
ation of other genes near the TNC locus with asthma, we con-
structed an LD map around the TNC gene locus using 48 SNPs
(MAF > 10%). The results indicated that 44513A/T (indi-
cated by an asterisk in Fig. 2) was located in the LD block
extended from intron 8 of the TNC gene to the 3’ genome
region of TNC (30 kb upstream and 20 kb downstream of
this SNP) and that there were no other genes in this block

(Fig. 2).



Table 1. Clinical characteristics of the bronchial asthma patients

Human Molecular Genetics, 2005, Vol. 14, No. 19 2781

Pretreatment: severity of disease® Frequency of attack before treatment Mean age Mean age at onset Mean duration of asthma (years)
Class 1. intermittent Less than once a week 31.1 144 14.0
Class 2: mild persistent More than once a week, 459 30.6 16.0
less than once a day

Class 3: moderate persistent Symptoms daily 47.1 36.5 19.8
Class 4: severe persistent Symptoms daily, frequent nocturnal asthma 542 40.7 15.2
“Severity of disease was classified by Global Initiative for Asthma Guideline (14).
Table 2. Genotype frequencies for TNC SNPs and asthma susceptibility
SNP location Control (n = 658) (%) Bronchial asthma (n = 446) (%) P-value® P-value® P-value®

1 2 3 1 2 3
—30363C/T 464 (71) 178 27) 16 (2) 313(71) 124 (29) 5) NS NS NS
—27495T/C 268 (41) 306 (47) 79 (12) 182 (41) 205 (47) 55(12) NS NS NS
—27052A/G 254 (39) 318 (49) 79 (12) 171 (39) 207 (47) 64 (14) NS NS NS
276G/A 302 (46) 275 (42) 73 (1) 213 (48) 191 (43) 37(9) NS NS NS
5101G/A 301 (46) 299 (46) 56 (9) 197 (44) 200 (45) 49(12) NS NS NS
6848T/C 212(32) 323 (49) 118 (18) 164 (37 203 (46) 7517 NS NS NS
13237T4C 340 (52) 269 (41) 46 (7) 229 (52) 180 (41) 29 (7) NS NS NS
44513A/T 169 (26) 303 (46) 183 (28) 125 (2) 233 (53) 79 (18) 0.037 NS 0.0019
60715C/IG 237 (36) 301 (46) 116 (18) 134 (30) 218 (49) 90 (20) NS NS NS
70816C/G 279 (43) 284 (44) 87 (13) 178 (41) 193 (45) 61(14) NS NS NS

P-value adjusted with Bonferroni correction (raw P-values were multiplied by 10); NS, not significant.

“Allelel versus allele 2.
SGenotypell versus genotype 12 4 22.
“Genotypel1 + 12 versus genotype 22.

Haplotype analysis

We carried out haplotype analysis of four representative SNPs
in the LD block containing the 44513A/T SNP. Estimated
frequencies of the four-locus haplotype were compared
between cases and control subjects. The results of association
studies for each haplotype showed a significant association
between haplotype 1 and asthma (Table 3) (raw P-
value = 0.004); however, the association was not stronger
than that observed for the single locus (44513A/T).

Immunohistochemistry of TNC

Paraffin sections of asthmatic lungs were immunostained with
a rat anti-TNC monoclonal antibody. Subepithelial deposition
of TNC protein was observed beneath the bronchial epi-
thelium in the asthmatic lung of a 65-year-old male
(Fig. 3A). No apparent TNC staining was observed in the
control lung of a 68-year-old male (Fig. 3B).

Computer modeling of the TNC Fn-I1I-D domain structure

We derived a protein structure model of the TNC Fn-III-D
domain with MOE software (Fig. 4) to examine the possible
effects of the substitution of the 1677th amino acid. The major
allele in the normal population 44513-T encodes 1677Leu,
whereas 44513-A, common in asthmatic patients, encodes
1677lle. The 1677th amino acid is located at the beta-
strand, which makes up the outermost side of the beta-sheet

(Fig. 4A and B). The amino acid faces to the inside of the
beta-sheet structure and there is a hydrophobic interaction
between Phe1636, Leul638, Leul652, Ile1654 and Leul680
(Fig. 4C, shaded region). The substitution of Leul6771le
could result in steric hindrance with Phel636 because of its
side chain (Fig. 4D).

Identification of TNC variant expression in normal human
lung fibroblasts by RT-PCR and western blotting

To confirm the expression of the TNC mRNA variant containing
SNP 44513A/T in exon 17, RT-PCR (reverse transcription—
polymerase chain reaction) was performed with a forward
primer in exon 10 and a reverse primer in exon 19. The PCR
results showed bands of 1969, 607 and 331 bp with normal
human lung fibroblasts (NHLF) ¢cDNA (Fig. 5A, left). The
PCR products were subcloned and then sequenced. Larger
bands (1969 and 607 bp) contained the Fn-I11-D domain, includ-
ing SNP 44513A/T. The cell lysate of NHLF was electropho-
resed and immunoblotted with the rat anti-TNC antibody. A
250 kDa variant of TNC, corresponding to the largest mRNA,
was dominantly expressed in NHLF, and both IL-4 and IL-13
could upregulate the 250 kDa TNC protein expression (Fig. 5B).

DISCUSSION

In the present study, asthmatic patients were recruited on the
basis of the clinical asthma findings (14). We selected well-
controlled cases after asthma treatments, (for class 2, 3 and
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Figure 2. Pairwise LD map around TNC locus, as measured by D' value or r value. Pairwise LD map around the TNC locus, as measured by D' value or r value
between all pairs of SNPs examined. The position of 44513A/T is indicated with an asterisk. Arrows indicate the direction of transcription of the genes.

4 cases with known amounts of an inhaled steroid: beclo-
methasone dipropionate; BDP), to ensure the reversibility of
lung functions (Table 1). We took care to exclude possible
COPD (chronic obstructive pulmonary disease) cases by spiro-
metric analysis to check the reversibility of airflow obstruction
and by X-ray/CT examinations. We found a genetic associ-
ation between SNP 44513A/T in exon 17, coding the 1677th
amino acid in the Fn-III-D domain, and adult bronchial
asthma (Table 2). The genetic association between 44513A/
T and asthma became stronger when we limited the analysis
to the non-smoker asthmatic subpopulation. This result
suggested that the association was not the consequence of sec-
ondary impairment of lung function due to smoking. The LD
map around the TNC gene region showed that SNP 445 13A/T
was located in the LD block that extended from intron 8 to the
3’ genomic region of the TNC gene, and there were no other
genes in the block (Fig. 2). Therefore, we concluded that the

strong association observed with the SNP 44513A/T origi-
nated from the TNC gene itself. We intensively searched
SNPs around the 44513A/T by resequencing and using
public SNP databases, but we could not find any SNPs
showing tight LD with 44513A/T. Weak LD was observed
with 60715C/G (a coding SNP in exon 24) but there was no
association between that SNP and bronchial asthma
(Table 2), and the association between the four-SNP haplo-
types including these two SNPs and asthma was not stronger
than that of the 44513A/T single locus (Table. 3). Therefore,
we selected SNP 44513A/T as the target for further analysis.

The TNC gene was chosen as a candidate gene for asthma
on the basis of our previous GeneChip experiment (9).
According to the results, TNC was one of the few genes
constantly upregulated in bronchial epithelial cells in response
to Th2 cytokines. We analyzed several candidate genes on
the basis of the GeneChip results and found a significant
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Table 3. Haplotype structure and frequency in TNC
Haplotype SNP position Haplotype frequency P-value® OR

13237T/C 44513A/T 60715C/G 70816C/G Controls Cases

Haplotype 1 T T C c 0.33 0.27 0.004 1.33
Haplotype 2 T A G G 0.26 0.27 0.725 1.04
Haplotype 3 C T C C 0.17 0.17 0.816 1.03
Haplotype 4 C A G G 0.08 0.08 0.933 1.01

OR, odds ratio.

®Analysis using a 2x 2 table for each haplotype against all others combined in cases and controls.

association with the TNC gene. Furthermore, one previous
genome-wide linkage study by Wijst er al. (15) showed that
D981784 and DYS195 markers at chromosome 9q33 could
be linked to asthma. TNC genes were located between these
two markers (~9.7 Mb to D9S1784 and 5Mb to D9S195).
On the basis of these results, TNC seemed to be a good
candidate gene for affecting susceptibility to asthma.

Our immunohistochemical staining of asthmatic airways
showed TNC deposition around the basement membranc
(Fig. 3A). Both bronchial epithelial cells and lung fibroblasts
under the basement membrane may produce TNC. In siti
hybridization experiments with the developing human lung
(16) and respiratory distress syndrome (17) have shown that
myofibroblasts under the epithelium express TNC mRNA.
Therefore, we suppose that TNC in the asthmatic lung is
predominantly produced by lung fibroblasts. It should be
noted that the TNC Fn-III domain- has both molecular elas-
ticity (11) and essential roles for airway branching (18,19).
We considered that TNC around the airway might have
homeostatic roles for maintaining the integrity of airways in
stressed conditions like bronchial asthma.

The structural model of the TNC Fn-III-D domain showed
that the Ile1677 variant caused instability of the beta-sheet
in the domain (Fig. 4D). Thus, Tle1677, a common variant
among adult asthmatic patients, may alter the molecular
elasticity of the TNC Fn-IIl domain. Airway resistance
measurements of the asthmatic patients with or without
allele 44513-A to investigate genotype—phenotype association
are now ongoing.

It is known that a part of the TNC Fn-III domain, Fn-TTI-A 1
through Fn-III-D, (Fig. 5A), is alternatively spliced (13). We
checked the alternative splicing exon—intron junction for SNPs
that might affect the splicing sites (20), but we could not find
any SNPs that showed a significant association with asthma, Pre-
vious reports showed that the large form of TNC, including the
alternative splicing region, was the predominant form in develop-
ing rat lung (19). Thus, it is likely that the large form of TNC is the
main variant in the lung. Our monoclonal antibody could not dis-
tinguish between the large and small forms of TNC in immuno-
histochemistry, so we further analyzed the TNC variants by
RT-PCR and by western blotting using NHLF., We showed
that 250 and 190 kDa TNC variants contained the alternatively
spliced Fn-III-D domain in NHLF (Fig. 5A) and either IL-4 or
I1-13 treatment could preferentially induce the 250 kDa variant
(Fig. 5B). We also found that the induction of TNC mRNA by
TL-4 and TL-13 was not the consequence of non-specific inflam-
mation because STAT6 activation could upregulate TNC

mRNA expression (Supplementary Material, Fig. $3). From
these findings, we conclude that it is highly likely that SNP
44513A/T in the TNC Fn-III-D domain is functional, especially
under the influence of Th2 cytokines.

There are a few studies analyzing the role of TNC in patho-
logic conditions, some of which showed homeostatic roles
of TNC protein (21,22). Habu snake-venom toxin induces
glomerulonephritis phenotype in TNC knockout mice with
more severe disease than that in congenic control mice (23).
We suppose that TNC is a molecule with homeostatic func-
tions emergent under stressful conditions. The TNC molecule
may also have homeostatic roles in asthmatic conditions and
the instability of the Fn-1II-D structure caused by this SNP
may hence affect the pathophysiology of asthma.

In conclusion, we found a genetic association between the
SNP encoding the Fn-III-D domain of the TNC molecule and
the adult bronchial asthma. The coding SNP causes instability
of the Fn-III-D domain structure. Under the influences of Th2
cytokines, the expression and functional impact of the TNC
molecule increase. The coding SNP might be a useful marker
for evaluating the risk for adult asthma and provides insights
into the precise functional roles of TNC in the pathogenesis of
asthma. Further study is needed.

MATERIALS AND METHODS
Materials

The rat anti-human TNC monoclonal antibody (clone 3—6)
was described previously (24). A horseradish peroxidase
(HRP)-conjugated goat anti-rat IgG antibody and precast
Tris—~glycine polyacrylamide gels were purchased from Invi-
trogen (Carlsbad, CA, USA). Recombinant human IL-4 and
IL-13 were purchased from Peprotec (London, UK).

Cell culture

NHLF were purchased from BioWhittaker (Walkersville, MD,
USA) and cultured with the fibroblast basal medium from the
same company according to the manufacturer’s protocol.

Subjects

The adult asthmatic patients were recruited from approxi-
mately 4000 outpatients who were diagnosed as having bron-
chial asthma at the Miyatake Asthma Clinic or at the Osaka
Prefectural Habikino Hospital by asthma specialists using
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Figure 3. Immunohistochemical analysis of asthmatic lung with TNC anti-
body. Paraffin sections of asthmatic and contro] lungs were immunostained
with the anti-TNC monoclonal antibody and visualized with indirect immuno-
peroxidase staining. Intense subepithelial staining is observed in the asthmatic
Tung (A) but not in the control lung (B) * indicates bronchial epithelium and
** indicates airway smooth muscle. Dark black spots in the control lung are
foreign particles in the lung.

the American Thoracic Society criteria as previously
described (25,26). We selected 446 adult bronchial asthma
patients (mean age 46.9, 16—70 years; male:female ratio,
1.0:1.2; mean serum IgE level, 741.3 U/ml; mite RAST posi-
tive 64.9%) satisfying the following symptoms and physical
examination criteria: (i) those who showed episodic breath-
lessness, wheezing and chest tightness before treatment, (ii)
the asthmatic symptoms were well controlled with known
amounts of inhaled steroids. Among them, 105 patients were
smokers or ex-smokers but not heavy smokers judged by the
Fagerstrom Tolerance Questionnaire (26). Detailed infor-
mation about the patients, including the severity of asthma
(14) is summarized in Table 1. Peak expiratory flow analysis,
spirometry, chest X-ray and CT scan were performed for the
patients in need of differential diagnosis for COPD. Bronchial

Figure 4. Computer modeling of TNC Fn-1Il-D domain and effect of 1677
Leu-Ile substitution. The 2.25 Acrystal structure of chicken TNC (PDB acces-
sion no. P24821) was used as a template for homology modeling of the human
TNC Fn-HI-D domain. (A) The amino acid Leul667 located in the fifth beta-
sheet (yellow arrow, downward, indicated by black arrow) of the TNC Fn-III-
D domain is shown with a green bar. (B) Amino acid 1le1677 located in the
fifth beta-sheet of the TNC Fn-III-D domain is shown with a red bar. (C)
Leul677 makes a hydrophobic interaction plane (shaded region) among the
hydrophobic amino acids. (D) The change of the amino acid from Leu to Ile
caused steric hindrance with Phe1636 inside the beta-sheet.

hyper-responsiveness was not tested. Peripheral blood was
obtained from these 505 adult bronchial asthma patients. As
a healthy control group, we analyzed 625 randomly selected
population-based individuals (mean age 42.0, 18—69 years;
male:female ratio, 2.5:1.0). We excluded the presence of
asthma, atopic dermatitis and nasal allergies in the control
population through careful interviews by physicians. All indi-
viduals were of Japanese origin and gave written informed
consent to participate in the study, according to the process
committee at SNP Research Center, RIKEN.

SNP discovery and genotyping in TNC gene

The TNC region targeted for SNP discovery included a 5 kb
continuous region 5’ to the gene and 28 exons, each with a
minimum 200bp of a flanking intronic sequence. Forty
primer sets were designed on the basis of TNC genomic
sequences (Supplementary Material, Table S2). Each PCR
was performed with 5 ng of genomic DNA from 24 individ-
uals (12 asthmatic patients and 12 controls). The PCR
product was reacted with BigDye Terminator v3.1 (Applied
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Figure §. RT-PCR and western blot analysis for TNC variants in NHLF with
Th2 cytokine stimulation. (A) TNC mRNA expression in NHLF was examined
with RT-PCR. Subconfluent NHLF were stimulated with 100 ng/m{ IL-13 for
72 h. After mRNA extraction and cDNA synthesis, PCR was performed with a
pair of primers designed to differentiate alternatively spliced mRNA of TNC.
The PCR products were electrophoresed on 1% agarose gel. M: 1 kb DNA
marker and Lane 1: NHLF (left side). The structure of the FN-III domain in
the human TNC gene is shown (center). F: forward primer and R: reverse
primer. Corresponding protein molecular weights (M.W.) are indicated to
the right. (B) Western blot analysis of NHLF culture samples stimulated
with IL-4 or with IL-13 for 72 h. The samples were electrophoresed in 4—
20% Tris—glycine gels and electrotransferred in PVDF membrane. Immuno-
blotting was performed with the rat anti-TNC monoclonal antibody. The
relative intensity of TNC protein was quantified with NIH Image and is
shown at the bottom. Lane 1 represents NHLF without stimulation. Lanes
2-4 represent NHLF stimulated with IL-4 at the concentrations of 100, 200
and 400 ng/mi, respectively. Lanes 5—7 represent NHLF stimulated with
IL-13 at the concentrations of 100, 200 and 400 ng/ml, respectively.

Biosystems). We also utilized the SNP information from the
database of SNPs by Japanese Science and Technology
Agency database (JSNP). Intragenic pairwise LD in the
TNC locus was examined by measuring r* among 22 SNPs.
The pairwise LD and haplotype were evaluated using the
SNPAlyze 3.1 software (Dynacom Co. Ltd, Chiba, Japan).
Position SNPs were numbered according to their position rela-
tive to the published genomic sequence containing the TNC
region (GenBank accession no. AL162425), and position 1
is the adenine of the first methionine of TNC. The panel of
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10 SNPs was genotyped with the multiplex PCR-Invader
assay or Tagman genotyping system as described previously
(27). To investigate the pattern of LD in and around the
TNC locus, pairwise LD coefficients were calculated and
expressed as |D'] or ». We evaluated the LD extension of
the TNC genomic region with 48 SNPs registered in JSNP
by genotyping 1041 general Japanese subjects.

Statistical analysis

Allele frequencies in bronchial asthma and controls were com-
pared by the contingency X test. A P-value of less than 0.01,
after Bonferroni adjustment in case of multiple comparisons,
was considered to be statistically significant. The OR and
95% CI were also calculated. Haplotype frequencies were esti-
mated by the expectation-maximization algorithn.

TNC immunohistochemistry

TNC immunohistochemistry was performed essentially as
previously described (24). Fresh human lung tissues were
obtained and embedded in paraffin from patients undergoing
surgery; informed consent was obtained. Asthmatic lung
specimen was obtained from autopsied lung. The sections
were deparaffined and endogenous peroxidase activity was
quenched with 0.3% H,0, in methanol for 20 min. Non-
specific staining was blocked with blocking buffer [10%
normal goat serum and !% bovine serum albumin in
phosphate-buffered saline (PBS)] for 30 min. The rat anti-
human TNC antibody (10 pg/ml) was applied and reacted
overnight at 4°C. After PBS washing, slides were incubated
with HRP-conjugated anti-rat [gG antibody for 30 min. The
slides were developed with DAB (Dojindo, Kumamoto,
Japan) in Tris-buffered saline with 0.05% H,0,.

Computer modeling of TNC Fn-1II-D protein structure

To examine the effect of amino acid substitution at position
1677 in the Fn-III-D domain, protein structural modeling
was performed using MOE software (Chemical Computing
Group Inc., Montreal, Canada). The coordinates of the
2.25 A crystal structure of the chicken TNC Fn-III domain
(PDB accession no. P24821) were used as a template for
homology modeling of the human TNC Fn-HI-D domain.
The two structures were further minimized with AMBER 94
using MOE software. Both Leul677 Ile variants of the TNC
Fn-III-D domain were built up using the same program.

RT-PCR and western blotting analysis for TNC variants
detection

Subconfluent NHLF were stimulated with 100 ng/ml IL-13 for
72 h and mRNA was isolated using a QuickPrep micro mRNA
purification kit (Amersham, Uppsala, Sweden). cDNA was
made with the SuperScript III First-Strand Synthesis System
(Invitrogen, Carlsbad, CA, USA) using oligo(dT),, primer.
RT~PCR was carried out for 5 min at 95°C for initial denatur-
ing, followed by 35 cycles of 95°C for 60 s, 52°C for 60 s, and
72°C for 120 s, in the GeneAmp PCR System 9700 (Applied
Biosystems). The primer TNC-3089: ACCGCTACCGCCT



2786 Human Molecular Genetics, 2003, Vol. 14, No. 19

CAATTACA and TNC-5331: GGTTCCGTCCACAGT
TACCA were set to distinguish mRNA variants due to alterna-
tive splicing (13). The PCR products were electrophoresed in
1% agarose gel and distinct bands were excised. DNA was
extracted from the excised bands with a DNA Gel Extraction
Kit (Millipore, Tokyo, Japan) and subcloned into pCR II-
TOPO cloning vector (Invitrogen). The subcloned inserts
were read by sequencing. For western blotting, subconfluent
NHLF were stimulated either with IL-4 or with IL-13 for
72h at the concentration indicated in Fig. 5. The NHLF
were solublized with SDS sample buffer (50 mM Tris—HCI
pH6.8, 2% SDS, 20% glycerol, 0.4% bromophenol blue,
50 mM DTT). SDS—PAGE and subsequent immunoblotting
were performed as previously described (21).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG Online.
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Shiga toxin (Stx) derivatives, such as the Stxl B subunit (StxB1), which mediates toxin binding to the
membrane, and mutant Stx1 (mStx1), which is 2 nontexic doubly mutated Stx1 harboring amino acid substi-
tutions in the A subunit, possess adjuvant activity via the activation of dendritic cells (DCs). OQur results
showed that StxB1 and mSix1, but not native Stx1 (nStx1), resulted in enhanced expression of CD86, CD40,
and major histocompatibility complex (MHC) class II molecules and, to some extent, also enhanced the
expression of CD80 on bone marrow-derived DCs. StxBl-treated DCs exhibited an increase in tumor necrosis
factor alpha and interlenkin-12 (IL-12) production, a stimulation of DO11.10 T-cell proliferation, and the
production of both Thl and Th2 cytekines, including gamma interferon (IFN-vy), IL-4, IL-5, IL-6, and IL-10.
When mice were given StxB1 subcutaneously, the levels of CD80, CD86, and CD40, as well as MHC class I
expression by splenic DCs, were enhanced. The subcutaneous immunization of mice with evalbumin (OVA)
plus mStx1 or StxB1 induced high titers of OVA-specific immunoglobulin M (IgM), IgG1, and IgG2a in serum.
OVA-specific CD4" T cells isolated from mice immunized with OVA plus mStx1 or StxB1 produced IFN-y,
IL-4, IL-5, [L-6, and IL-10, indicating that mStxl and StxB1 elicit both Thl- and Th2-type responses.
Importantly, mice immunized subcutaneously with tetanus toxoid plus mStx1 or StxB1 were protected from a
lethal challenge with tetanus toxin. These results suggest that nontoxic Stx derivatives, including both SixB1
and mStx1, could be effective adjuvants for the induction of mixed Th-type CD4* T-cell-mediated antigen-
specific antibody responses via the activation of DCs.

For the design of effective vaccines in the areas of immu-
nology and infectious diseases, a primary focus of research is
the development of effective and safe adjuvants, which instruct
and control the selective induction of the appropriate type of
antigen-specific immune response. Thus far, several bacterial
enterotoxins, including the cholera toxin (CT) of Vibrio chol-
erae and the heat-labile enterotoxin (LT) of enterotoxigenic
Escherichia coli, are known to be potentially strong adjuvants
when given by the oral, nasal, or parenteral route (7, 9, 18, 52).
As early as 1972, it was reported that CT acts as an adjuvant for
antibody responses following intravenous administration (32).
The mucosal administration of CT was shown to elicit antigen
(Ag)-specific Th2-type CD4™ T-cell responses via high levels
of interleukin-4 (IL-4) and IL-5 production, which in turn
enhanced Ag-specific systemic immunoglobulin G1 (IgG1) and
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IgE and mucosal secretory IgA responses (28). In contrast, LT
was shown to induce mixed CD4" Thl- and Th2-type cells
producing gamma interferon (IFN-v), IL-4, IL-§, IL-6, and
1L-10, with subsequent serum IgG1 and IgG2a and mucosal
secretory IgA responses (47). Other bacterial toxins, such as
pertussis toxin and a genetically detoxified derivative of per-
tussis toxin, PT-9K/129G, have also been shown to possess
mucosal adjuvant activities (3, 11, 36). Pertussis toxin potenti-
ates Th1 and Th2 responses to a coadministered antigen (37).
The administration of a chimeric molecule composed of the
gp120 V3 loop region of the MN strain of human immunode-
ficiency virus type 1 (HIV-1) and a nontoxic form of Pseudo-
monas exotoxin resulted in strong antigen-specific immune re-
sponses to an integrated HIV Ag (30).

It is interesting that in the case of Shiga toxin (Stx), oral
administration confers immunogenicity but not adjuvanticity
(43). Stx is produced by Stx-producing E. coli and is one of the
major virulence factors for infectious diseases by Stx-producing
E. coli. Stx is a holotoxin composed of an approximately 32-
kDa A subunit in noncovalent association with a pentameric
ring of identical nontoxic B subunits, each of which has a
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molecular mass of 7.7 kDa. The A subunit is the enzymatic
component of the toxin and acts as a highly specific N-glyco-
sidase enzyme, hydrolyzing the bond between ribose and a
single adenine residue found on a prominent loop structure in
the 288 rRNA component of eukaryotic ribosomes (10, 39).
The B subunits mediate toxin binding to the membrane-neu-
tral glycolipids glogotriaosylceramid and globotetraosylcer-
amid (38). Stx toxins are classified into the following two
groups: Stx1, which is identical to Shiga toxin at the amino acid
sequence level, and Stx2, which is immunologically different
from Stx1 (42).-

In previous studies, we generated E167Q/R170L (mSix1), a
double mutant of Stx1 which harbors amino acid substitutions
in the RNA N-glycosidase active center which were derived by
site-directed mutagenesis. mStx1 lacks RNA N-glycosidase ac-
tivity, cytotoxicity, and mouse lethality (33). For the present
study, we assessed the capability of mStx1 and StxB1 to provide
activation signals to dendritic cells (DCs) and T cells and then
addressed the issue of whether this capability of mStx1 and
StxB1 is connected to in vivo adjuvanticity when these mole-
cules are subcutaneously coadministered with a protein anti-
gen. The results obtained in this study suggest that both mStx1
and StxB1 act as effective adjuvants for the induction of Ag-
specific antibody (Ab) responses via DC activation.

MATERIALS AND METHODS

Mice. C57BL/6 and BALB/c mice were purchased from SLC (Shizuoka, Ja-
pan) and were maintained and bred in the experimental animal facilities of
Niigata University Graduate School of Medical-and Dental Science, the Re-
search Institute for Microbial Diseases, Osaka University, and the Institute of
Medical Science, University of Tokyo, under pathogen-free conditions using
microisolator cages. DO11.10 T-cell receptor (TCR)-transgenic mice, which rec-
ognize the OVA peptide 323-329 in association with I-A9 (31), were kindly
provided by Kazuhiko Yamamoto (University of Tokyo, Tokyo, Japan). All mice
were provided sterile food and water ad libitum and were maintained in our
experimental animal facility. C57BL/6 and BALB/c mice of 8 to 12 weeks of age
and DO11.10 Tg mice of 5 to 12 weeks of age were used for this study.

Bacterial foxins. A mutant of Stx] (mStx1) and native Stx1 (nStx1) were
purified from E. coli MC 1061 strains M 23 and 87-27, respectively, according to
a previously described method (14, 33). Purification steps included ion-exchange
chromatography, chromatofocusing, and high-performance liquid chromatogra-
phy as described previously (14). The B subunit of Stx1 (StxB1) was derived from
Bacillus brevis pNU212-VT1B and was purified by the use of ion-exchange
chromatography and gel filtration (5).

The amounts of endotoxin in the toxin preparations were measured with an
Endospec-SP test (Seikagaku Co., Tokyo, Japan). The nStx1, mStx1, and StxB1
preparations contained 7.03 pg, 34.0 pg, and 3.05 pg of lipopolysaccharide (LPS)
per 10 pg of protein, respectively. These ranges of LPS contamination have been
shown to be ineffective for the stimulation of lymphoid cells (22, 50).

Culture conditions, treatment of BMDCs in vitro, and treatment of BMDCs
with Stx1 derivatives. For the generation of bone marrow-derived DCs (BMDCs),
male C57BL/6 or BALB/c mice were sacrificed, and their bone marrow was
isolated and then flushed from the femur and tibia (12). Erythrocytes were
depleted with ammonium chloride. DCs were generated from bone marrow
precursors as described previously (12). Following 6 days of incubation in the
presence of an optimal dose of granulocyte-macrophage colony-stimulating fac-
tor (10 ng/mt), nonadherent cells were collected and used as a source of BMDCs.

BMDCs were cultured at 5 X 10° cells/ml in 24-well piates (Corning, Inc.,
Corning, N.Y.) in culture medium containing granulocyte-macrophage colony-
stimulating factor (18 ng/ml) (12) in the presence or absence of an optimal dose
of a Stxl derivative (1 pg/ml) for 48 h at 37°C. Culture supernatants were
collected and frozen at —70°C until assayed for the synthesis of cytokines,
including tumor necrosis factor alpha (TNF-a) and IL-12 p70, by enzyme-linked
immunosorbent assays (ELISAs) (AN'LYZA immunoassay kit; R&D Systems,
Minneapolis, Minn.).

Fluorescence-activated cell sorting analysis. BMDCs were analyzed 48 h after
treatment with a variety of toxin derivatives since a preliminary time kinetics
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study showed that maximum levels of surface antigen expression were achieved
and maintained between 24 and 48 h. Cells were analyzed by use of a FACScan
cytometer (Becton Dickinson) using the following antibodies from BD Phar-
mingen and Beckman Coulter, Inc. (Fullerton, Calif.): fluorescein isothiocyanate
(FITC)-conjugated anti-mouse CDl11c (clone HL3), biotin-conjugated anti-
mouse CD80 (clone 16-16A1), biotin-conjugated anti-mouse CD86 (clone GL1),
biotin-conjugated anti-mouse I-A® (clone AF6-120.1), biotin-conjugated anti-
mouse CD40 (clone 3/23), and phycoerythrin (PE)-conjugated streptavidin.
BMDCs and splenic DCs were characterized with FITC-conjugated anti-mouse
CD11b (Mac-1; M1/70), PE-conjugated anti-mouse CD11¢ (HL3), Cy-chrome-
conjugated anti-mouse CD8a (53-6.7), allophycocyanin-conjugated anti-mouse
CD4 (RM-4-5), FITC-conjugated hamster anti-mouse CD11c (HL3), and PE-
conjugated anti-mouse CD45R/B220 (RA3-6B2).

Purification of TCR-transgenic T cells. T cells were purified from the spleens
of naive BALB/c mice expressing a transgenic o/B-TCR specific for peptide
323-329 of ovalbumin (OVA) (31) by magnetic bead-activated cell sorting
(MACS) using a CD4* T-cell purification system with CD4*-specific MACS
beads (Miltenyi Biotech, Sunnyvale, Calif.). More than 90% of the resulting
T-cell population was CD4* and expressed the OVA-specific TCR transgene.
These purified CD4* T cells (2 % 108 cells/well) were then cultured in RPMI
1640 plus 10% fetal calf serum (FCS) with toxin derivative-treated DCs (5 x 10°
cellsiwell) and 0.3 1M OVA peptide (ISQAVHAAHAEINEAGR-COOH; Pep-
tide Institute, Inc., Minoh, Osaka, Japan) for 3 days at 37°C. In a preliminary
experiment, three different amounts of toxin derivative-treated DCs were tested,
and 5 % 10° cellsivell consistently provided the most reproducible data. CD4* T
cells were then stimulated with 50 ng/ml phorbol myristate acetate (PMA; Sigma,
St. Louis, Mo.) and 500 ng/ml ionomycin (Sigma) overnight. Culture superna-
tants from the different wells were tested for the synthesis of the cytokines IFN-v,
IL-4, IL-5, IL-6, and IL-10 by ELISAs (AN'LYZA immunoassay kit; R&D
Systems).

Induction of T-cell proliferation. BMDCs (1.7 X 10* cells/well) were incubated
in round-bottomed 96-well plates (Comning) in the presence of 1 ng of Stxl
derivative for 48 h at 37°C and then were irradiated with 30 Gy of radiation. The
plates were extensively washed with RPMI 1640 followed by complete RPMI
1640 containing 10% FCS, HEPES buffer (15 mM), L-glutamine (2 mM), peni-
cillin (160 U/ml), and streptomycin (100 ng/ml). OVA-specific transgenic T cells
(5 X 10% celis/well) were added to the DC-coated wells. The plates were then
incubated in the presence of 0.3 pM OVA peptide for an additional 3 days at
37°C. [*H]thymidine (0.5 nCi; Amersham Pharmacia Biotech, Buckinghamshire,
England) was added to each well 18 h before harvesting, and incorporated
radioactivity was then measured with an LS1701 scintillation counter (Beckman
Coulter Inc., Hialeah, Fla.). The results are expressed as stimulation indexes
(E/C), defined as the ratios between the amounts of [*Hlthymidine incorporated
into T cells incubated with toxin derivative-treated DCs and the amount of
[PH]thymidine incorporated into T cells incubated with untreated DCs.

Isolation of splenic DCs. Spleens were isolated from mice receiving subcuta-
neous administrations of Stx1 derivatives and were then suspended in RPMI
1640 medium containing 2% FCS, HEPES buffer (15 mM), L-glutamine (2 mM),
penicillin (100 U/ml), and streptomycin (100 ng/ml). The spleens were digested
with collagenase D (400 Mandl units/ml; Roche, Indianapolis, Ind.) as previously
described (45), and then the red blood cells were lysed with ammonium chloride-
potassium lysing buffer. Briefly, the spleens were incubated with collagenase D
(400 Mand! units/ml) and DNase I (15 pg/ml; Roche) for 35 min at 37°C in
RPMI 1640 medium, and EDTA was added to a final concentration of 5 mM
during the fast 5 min of incubation. For DC enrichment, released cells were
layered over a metrizamide gradient column (Accurate, Westbury, N.Y.) (14.5 g
of metrizamide added to 100 m} of complete medium) and centrifuged, and the
low-density fraction was collected as DCs (26). The enriched DCs were counted
and then stained with appropriate monaclonal antibodies as described above for
fluorescence-activated cell sorting analysis.

Immunization protecol. A standard subcutaneous immunization protocol was
used for this study (55). Mice were subcutaneously immunized on days 0 and 14
with a 100-pl aliquot containing 100 pg of ovalbumin (OVA,; Sigma) alone or
combined with an optimal dose of mStx1 (10 1g), StxB1 (10 pg), or nStx1 (50 ng)
as an adjuvant. This dose of OVA has been shown to be optimal and is routinely
used in our laboratory (55). The optimal doses of the Stx1 derivatives were
determined in preliminary experiments. In the case of the native form, the dose
was selected as the concentration which did not show in vivo toxicity. For an assay
of protection against tetanus toxin, mice were subcutaneously immunized on
days 0 and 14 with a 100-pJ aliquot of tetanus toxoid (TT; 307 pg/ml, 900 limit
of flocculation (Lf)/mi, 2,932 Lf/mg PN; provided by Y. Higashi, Osaka Univer-
sity, Biken Foundation, Osaka, Japan) alone or combined with mStx1 (1, 10, or
25 pg) or StxB1 (1, 19, or 25 ng) as an adjuvant.
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Analysis of Ag-specific Ab isotype and IgG subclass responses. Ag-specific Ab
titers in serum were determined by ELISAs as described previously (28, 51).
Briefly, plates were coated with OVA (1 mg/ml) or TT (5 pg/ml) and blocked
with 1% bovine serum albumin in phosphate-buffered saline (PBS). After the
plates were washed, serial dilutions of serum were added in duplicate. Following
incubation, the plates were washed and a peroxidase-labeled goat anti-mouse p,
v, or o heavy chain-specific Ab (Southern Biotechnology Associates, Birming-
ham, Ala.) was added to appropriate wells. Finally, 3,3',5,5'-tetramethylbenzi-
dine (TMB) with H,O, was added for color development. For IgG subclass
analysis, biotinylated rat monoclonal anti-mouse y1 (G1-7.3), y2a (R19-15), v2b
(R12-3), and y3 (R40-82) heavy chain-specific Abs (Pharmingen) and streptavi-
din-conjugated peroxidase (Vector Laboratories, Inc., Burlingame, Calif.) were
employed. End-point titers were expressed as reciprocal log, values of the last
dilutions giving optical densities at 450 nm of =0.1 above the negative control.

Detection of Ag-specific AFCs. For the elucidation of Ag-specific Ab-forming
cells (AFCs), an enzyme-linked immunospot (ELISPOT) assay was employed as
previously described in detail (51, 52). Splenic mononuclear cells were resus-
pended in complete medium. Ninety-six-well nitrocellulose-based plates were
coated with 1 mg/ml of OVA diluted in PBS for the enumeration of Ag-specific
AFCs. The wells were blocked with complete medium. Cells at various dilutions
were added and incubated for 6 h at 37°C in 5% CO, in moist air. Antigen-
specific AFCs were detected with a peroxidase-labeled anti-mouse p, v, or
heavy chain Ab (Southern Biotechnology Associates) and then visualized by
adding the chromogenic substrate 3-amino-9-ethylcarbazole (Moss Inc., Pasa-
dena, Md.). Spots were counted with the aid of a dissecting microscope (SZH
Zcom stereo microscope system; Olympus, Lake Success, N.Y.).

Analysis of OVA-specific CD4* T-cell responses. CD4" T cells were purified
from splenic cell suspensions by use of a magnetic bead-activated cell sorter
system (Miltenyi Biotech) (51). Splenic mononuclear cells were initially applied
to a nylon wool column (Polysciences, Warrington, Pa.} and incubated at 37°C
for 1 h to remove adherent cells. Purified CD4* T cells were then obtained by
positive sorting using a magnetic bead separation system consisting of anti-CD4
monoclonal Ab (clone GK1.5)-conjugated microbeads (Miltenyi Biotech). Puri-
fied splenic CD4* T cells (>98% pure) were cultured at a density of 4 X 100
cells/mi with OVA (1 mg/ml), T-cell-depleted, irradiated (30 Gy) splenic feeder
cells (8 X 10 cells/mt), and recombinant IL-2 (rIL-2; 10 units/mi) (Pharmingen)
in complete medium (51). These CD4* T-cell cultures were incubated for 3 days
at 37°C in 5% CO, in air. For measurements of the levels of Ag-specific T-cell
proliferation, 0.5 pCi of [*H]thymidine (Amersham Pharmacia Biotech) was
added to individual cultures 18 h before termination, and the uptake of [PH]thy-
midine was determined in counts per minute {(cpm) by use of a scintillation
counter (55).

Tetanus toxin challenge. Tetanus toxin was diluted in 0.5% gelatin-PBS, and
an appropriate lethal dose (130 50% lethal doses [LDs,s]) was given subcutane-
ously to each group of mice as described previously (15, 20). Mice were then
monitored daily for paralysis and death.

Statistical analbysis. The results are presented as means * 1 standard error
(SE). Statistical significance (P < 0.05) was determined by Student’s ¢ test and by
the Mann-Whitney U test of unpaired samples.

RESULTS

mStx1 and StxB1 up-regulate cell surface expression of co-
stimulatory molecules and MHC class Il molecules on BMDCs.
On day 6 of bone marrow-derived DC (BMDC) cultures,
>90% of the cells were determined to be CD11c* (data not
shown). The CD11b, CD8a, CD4, and B220 cells identified
among the BMDCs were characterized as having the CD11b™,
CD8a~, CD4 ™, and B220~ phenotypes, respectively (data not
shown). These BMDCs were incubated with or without Stx1
derivatives for 48 h, and the expression of cell surface mole-
cules was analyzed by flow cytometry. Even nonactivated
BMDCs showed moderate expression of the costimulatory
molecules CD80 (B7-1) and CD86 (B7-2) and of major histo-
compatibility complex (MHC) class II molecules. The addition
of SxtB1 resulted in a moderate up-regulation of CD86, MHC
class II, and CD40 expression on BMDCs. Furthermore, StxB1
enhanced the expression of CD80; however, the CD80 level
was lower than that of CD86 (Fig. 1).

INFECT. IMMUN.

The expression of CD86, but not that of CD80, was up-
regulated when BMDCs were exposed to mStx1. In contrast,
nStx1 failed to enhance the expression of these activation mol-
ecules on BMDCs. The expression of CD40 on BMDCs was
also up-regulated by treatment with mStx1 or StxB1 (Fig. 1).
An increase in the expression of these activation molecules
also occurred after the treatment of cells with an optimal
concentration (1 pg/ml) of LPS (data not shown), a known
activator of DCs (17). To exclude any effects of contaminating
endotoxins, we incubated BMDCs, with or without Stx1 deriv-
atives, after the pretreatment of Stx1 derivatives with 5 pg'mi
polymyxin B. Polymyxin B did not affect Stx1 derivative-in-
duced surface marker expression (data not shown).

Induction of cytokine synthesis by StxBl-treated BMDCs.
To analyze whether the observed phenotypic maturation (e.g.,
the expression of CD80, CD86, and MHC class II) was asso-
ciated with cytokine production, we tested StxB1- and mStx1-
treated BMDCs for an enhancement of TNF-a and IL-12 p70
synthesis,. BMDCs incubated with StxB1 for 48 h produced
modest amounts of TNF-a and IL-12 (Table 1), which was
consistent with the observation of the expression of functional
molecules of StxBl-treated BMDCs. In contrast, the incuba-
tion of BMDCs with nStx1 and mStx1 failed to invoke any
increases in cytokine production. Thus, BMDCs activated by
treatment with StxB1 exhibited the most enhanced capacity to
secrete cytokines such as TNF-a and IL-12.

Enhanced stimulation of T cells by Stx1 derivative-activated
BMDCs. In the next experiment, we tested whether the acti-
vation of DCs by mStx1 or StxB1 translated to an increased
functional ability of DCs to stimulate T-cell proliferation and
subsequent Th1 (IFN-y) and Th2 (IL-4, IL-5, IL-6, and IL-10)
cytokine production. In this assay, Stx1 derivative-stimulated
DCs were cocultured with an OVA-specific peptide and
splenic T cells isolated from OVA Tg mice. Stx1 derivative-
treated BMDCs promoted higher levels of OVA-specific
CD4* T-cell proliferation than did untreated DCs (Fig. 2A),
with StxBl-treated BMDCs inducing the highest levels and
mStx1-treated BMDCs inducing the next highest levels. In
contrast, nStx1-treated BMDCs only weakly enhanced T-cell
responses. Similarly enhanced T-cell proliferative responses
were also noted when alloreactive responder T cells were
cocultured with Stx1 derivative-treated BMDCs (data not
shown).

To determine whether the observed increase in OVA-spe-
cific CD4" T-cell proliferation induced by StxB1- or mStx1-

.treated BMDCs was associated with Thl and Th2 cytokine

production, we harvested culture supernatants and subjected
them to IFN-y-, IL-4-, IL-5-, IL-6-, and IL-10-specific ELISAs.
StxB1-treated DCs promoted an increased synthesis of cyto-
kines such as IFN-v, IL-4, IL-5, IL-6, and IL-10 (Fig. 2B) most
effectively, followed by those treated with mStxl and nStx1
(Fig. 2B). However, it should be pointed out that Stx1 deriv-
atives significantly enhanced only IL-6 synthesis, prompting
little or no release of the other cytokines. Among the Stxl
derivatives, StxB1 possessed the most potent immunoenhanc-
ing activity for an increase of T-cell proliferation and subse-
quent Th1 and Th2 cytokine production through the activation
of BMDCs.

In vivo effects of mStx1 and StxB1 on the up-regulation of
costimuiatory molecules and MHC class II on splenic DCs. It
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FIG. 1. Effects of SxB1, mStx1, and nStx1 on the expression of CD80, CD86, CD40, and MHC class IT by bone marrow-derived DCs (BMDCs).
BMDCs were cultured with Stx1 derivatives (StxB1, 1 pg/ml; mStx1, 1 pg/ml; nSix1, 1 pg/ml) for 48 h since a preliminary study showed that the
maximum levels of surface antigen expression occurred between 24 and 48 h. Cell surface Ag expression was analyzed by flow cytometry as
described in Materials and Methods. The data are presented as histograms and are expressed as means of three independent experiments. The
percentage within each panel indicates the number of cells staining strongly for the indicated marker. *, P < 0.05 compared with the control
medium-treated culture. Data were obtained by using the CD11c* gated cell fraction.

was important to examine whether in vivo administration of the
Stx1 derivatives could modulate DC function. Thus, the expres-
sion of costimulatory molecules and MHC class I on splenic DCs
was analyzed by flow cytometry 12 h and 48 h after Stx1 deriva-
tives were subcutaneously administered to healthy mice (Table 2).

TABLE 1. TNF-a and IL-12 p70 synthesis by StxB1-, mSix1-, or
Stx1-treated murine BMDCs®

Stimulator TNF-a concn (pg/ml) 11-12 concn (pg/ml)
mStx] 260 + 81 90 + 18
StxB1 470 * 92* 260 * 34*
nStx1 240 + 42 76 =13
media 280 + 92 82+14

“ Culture supernatants were harvested and then analyzed for the production of
secreted cytokines by the use of appropriate cytokine-specific ELISAs. The
results are expressed as means = SEM and were taken from a total of three
separate experiments. *, P < 0.05 compared with a culture to which no stimulator
was added.

As shown above for nonactivated BMDCs, the splenic DCs iso-
lated. from healthy mice also expressed CD11b* (data not
shown). Nonactivated splenic DCs were also found to naturally
express moderate levels of the costimulatory molecules CD80 and
CD86, MHC class 11, and CD40 (Table 2), whose levels were

" up-regulated after the administration of SxB1. Interestingly, the

up-regulation of CD80 expression was observed as early as 12 h
after the administration of StxB1, with the expression of CD86,
CD40, and MHC class I1 appearing 48 h after administration.
After a subcutaneous injeciion of mStx1 into mice, the expression
of CD40 and MHC class II was up-regulated. In contrast, as seen
with BMDCs, nStx1 failed to enhance the expression of any of
these costimulatory molecules, except for MHC class 11, on
splenic DCs.

Enhancement of Ag-specific Ab responses by subcutaneous
immunization of mice with OVA and mStxl or StxBi. To
examine in vivo the immunoenhancing activities of Stx1 deriv-
atives, we subcutancously immunized mice with an optimal
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FIG. 2. Activation of OVA-specific CD4* T-cell responses by Stxl derivative-treated BMDCs. T-cell proliferation (A) and Thl and Th2

cytokine production (B) by CD4*
pretreated with 1 pg/ml Stx1 derivative were washed and th
presence of 0.3 pM OVA,,;3 559 peptide for 3 days. An aliquo
during the last 18 h of incubation. For cytokine analysis, another aliquot o
500 nM ionomycin overnight. No or little cytokine release was detected for

T cells from DO10.11 Tg mice stimulated with Stxi derivative-treated BMDCs were examined. BMDCs
en cocultured with purified CD4* T cells (10%ml) from DO11.10 Tg mice in the
t of cell culture was subjected to DNA synthesis by the addition of [’H]thymidine

f CD4* T cells was harvested and then treated with 50 nM PMA and
CD4* T cells without PMA and ionomycin. The results are expressed

as mean E/C + standard errors of the means (SEM) for triplicate cultures. *, P < 0.05 compared with the control medium-treated culture. The
count for the control culture was 6,880 = 380 cpm. The results of the T-cell proliferation assay (A) are expressed as mean E/C {experimental,
stimulated value/control, nonstimulated value) = SEM of triplicate cultures.

dose of OVA in the presence or absence of the toxin deriva-
tives. The coadministration of 10 pg of mStxl or SB1 re-
sulted in high levels of OVA-specific IgG, IgM, and IgA (Fig.
3A). In contrast, 50 ng of nStx1 did not support the generation
of any isotype of anti-OVA Ab. As one might expect, when
mice were immunized with OVA alone, antigen-specific Ab
responses were not induced (Fig. 3A). An analysis of antigen-
specific IgG antibody-forming cells (AFCs) in the spleens of
mice immunized with OVA plus Stx1 derivatives confirmed the
results obtained for the characterization of OVA-specific Ab
titers in sera. Thus, significant numbers of OVA-specific IgG
AFCs were detected in the spleens of mice subcutaneously

immunized with OVA plus mStx1 or StxB1 as an adjuvant (Fig.
3B). In contrast, obvious OVA-specific IgG AFCs were not
seen in the spleens of mice given OVA alone or OVA plus
nStxl (Fig. 3B). A subsequent analysis of the OVA-specific
IgG subclasses revealed that the major antigen-specific IgG
subclass response was IgG1, followed by IgG2a, after the co-
administration of mStx1 or StxB1 (Fig. 3C). These findings
demonstrate that Stx1 derivatives, especially nontoxic forms of
StxB1 and mStx1, are potent immunoenhancing molecules in
vivo.

Induction of OVA-specific CD4% Thi- and Th2-cell re-
sponses after immunization with OVA and Stx1 derivatives.

TABLE 2. Characterization of CD80, CD86, CD40, and MHC class II expression by mStx1-, StxB1-, or nStxl-treated splenic DCs

% of the highest intensity of the expressed molecule

Stimulator CDg0 CD386 CD40 MHC class 11
12h 48 h 12h 48 h 12h 48 h 12h 48 h
mStx1 43.0 £ 3.9 16.5 = 9.3* 436 = 2.9* 453+ 25 58.3 £ 5.8 376 1.7 488 + 3.1 65.9 = 7.5%
StxB1 55.8 * 2.6* 339 % 1.6° 20.0 = 4.3 753 £ 14.3* 37.6 = 1.4* 633 4.4 451 +2.2* 70.4 + 6.3*
nStx1 332+ 14* 15.7 = 8.6* 17.4 £ 105* 302 =7.5* 27.4 *+ 3.0* 9.7 £ 9.1* 425 * 4.7 573 x2.7*
PBS 424+ 13 509 £ 6.6 496 * 1.7 492 * 6.6 347+ 05 37275 513 %26 492 + 6.2

Twelve or 48 h after the subcutaneous administration of S&xB1 (10 pg/mouse), mStx1

(10 pg/mouse), or nSix1 (50 ng/mouse), mice were sacrificed for the preparation

of splenocytes. The cells were then analyzed by flow cytometry. The data are means = SEM are representative of three independent experiments. *, P < 0.05 compared

with mice administered PBS.
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