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0-12 consists of two disulfide-linked subunits, p40
and p35, that form functionally active heterodimers
for the induction of Thl cells. In contrast to IL-12
heterodimers, p40 monomers and homodimers pos-
sess inhibitory effects on Thl cells leading to the
creation of a Th2 environment. Although it has been
shown that IL-12p40 acts as antagonist of IL-12p70
" in vitro, no evidence is currently available whether
IL-12p40 is functional in vivo. We now report that I1-
12p40 plays an important pathological role in an
intestinal allergic disease. A high expression of IL-
12p40 protein was demonstrated in epithelial cells,
dendritic cells, and macrophages in large but not
small intestine of allergic diarrhea-induced mice, In-
terestingly, neuntralization with anti-IL-12p4¢ mAbs
reduced the incidence and delayed the onset of dis-
case development. Lower levels of ovalbumin (OVA)-
specific IgE Abs in serum were detected in anti-I1-
12p40 mAb-treated mice than in control Ab-treated
mice. The secretion of Th2 cytokines and eotaxin by
the mononuclear cells isolated from the large intes-
tine of anti-IL-12p40 mAb-treated mice was signifi-
cantly decreased. Finally, the removal of the IL-12p40
gene resulted in complete inhibition of disease devel-
opment. These results show that over-expression of
IL-12p40 is an important contributing factor for the
generation of the dominant Th2-type environment in
the large intestine of mice with allergic diarrhea.
(Am J Patbol 2004, 164:1327-1335)

In general, intestinal allergic reactions are provoked by
the activation of allergen-specific Th2-type cells, exces-
sive eosinophil and mast cell recruitment, and !gE Ab
production.? We previously reported that systematically

primed BALB/c mice developed severe diarrhea after
repeated oral challenge with ovalbumin {(OVA).' Diar-
rbea-induced mice revealed a Th2-type allergic response
characterized by high levels of Ag-specific IgE Abs in
serum, increased numbers of IgG1, IgA and IgE Abs in
the large intestine, and high numbers of mast cells and
eosinophils in the large intestine. Furthermore, large in-
testinal CD4* T cells isclated from mice with allergic
diarrhea secreted IL-4, IL-5, and IL-13, but not IFN-y. On
the other hand, a murine mode! of ecsinophilic gastroin-
testinal hypersensitivity induced by challenge with oral
allergen, in the form of enteric-coated beads, resulted in
marked allergen-induced IL-4 and IL-5 production and
eosinophil accumulation in the small intestine. Although
several interesting intestinal allergic models were re-
cently reported,®® the exact underlying molecular and
cellular mechanisms remain to be elucidated.

In allergic asthma, allergen-specific T cells have been
shown to also acquire the Th2 phenotype and to avoid
from the Thi-type pathway.*® A recent study has dem-
onstrated that Th1/Th2 imbalance induced allergic dis-
ease at the level of transcription facters. Interestingly, a
high expression of GATA-3 andfor a lack of T-bet signal-
ing markedly influenced the development of allergic asth-
ma.®7 In addition, the expression of not only Th2-type
cytokine but also Thi-type cytokine (ie, \FN-y or IL-12)
played a critical role in murine dermatitis and asthma
modeis.®? It has also been demonstrated that natural
killer {NK) cells, like Th2 cells, play an important role in
the development of allergen-induced asthma.®

It has been suggested that antigen-presenting cells
(APCs) play a crucial role in the skewing of Th1 and Th2
differentiation.’®" IL-12 is a heterodimeric cytokine com-
posed of p40 and p35 which strongly promotes the dif-
ferentiation of naive CD4™ T cells to the Th1 phenotype
and suppresses the synthesis of Th2-type cytokines.™
IL-12 is produced primarily by APCs and the production
is regulated by IL-10 and IFN-y."* In addition, biolog-
ical effects of IL-12 are counter-balanced by IL-12p40
itself, which binds to the receptor complex without induc-
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ing intracellular signals.® Thus, murine IL-12p40 inhibits
IL-12-mediated responses by means of the competitive
binding to IL-12 receptor with an affinity similar to that of
IL-12p70."%77 Further, IL-12p40 can behave as an IL-
12p70 antagonist in vivo, delaying the allograft rejection
of cardiac myoblast.’® IL-12p40 transgenic mice also
shov¥§d increased susceptibility to the malaria infec-
tion,

With regard to allergic responses, a potential contribu-
tion of IL-12 has been suggested for the development of
allergic asthma.®2° Mixed Th1- and Th2-assaciated cy-
tokines, including IFN-y, IL-2, 1-5, GM-CSF, and IL-12,
were secreted by smooth muscle cells located in the
sensitized airways of atopic asthma-induced mice. 2! A
previous study demonstrated that IL-12p40 mRNA ex-
pression was detected in the lung tissue of mice with
asthma.®! However, the role of IL-12 in intestinal allergic
disease has not yet been carefully examined. To investigate
the potential roles of 1L-12 in intestinal hypersensitivity, we
have assessed the expression pattern of IL-12p4Q or
IL-12p35 in the intestinal tract of diarrhea-induced mice
and examined the therapeutic effects of modulating IL-12
involvement in allergic diarrhea.

Materials and Methods
Mice

BALB/c mice were purchased from Japan Clea Company
{Tokyo, Japan). Breeding pairs of IL-12p40-deficient [IL-
12p40 knockout {(KO)] mice were purchased from The
Jackson Laboratories (Bar Harbor, ME), and colonies
were established and maintained in the experimental
animal facility at the University of Tokyo and the Univer-
sity of Alabama at Birmingham. All mice were 6 to 7
weeks of age at the beginning of individual experiments.

Antibodies

Recombinant murine IL-12 p40 and p70 were obtained
from BD PharMingen (San Diego, CA). Bictin-anti-CD11b
(M1/70, rat IgG2b) and biotin-anti-CD11c (HL3, hamster
igG) were also purchased from BD PharMingen. Biotin-
SP-conjugated, affinity-purified anti-rat [gG (H+L) mouse
F(ab"), and anti-hamster IgG(H+L) goat F(ab’), were
obtained from Jackson ImmuncResearch Laboratories,
Inc. (West Grove, PA). Anti-IL-12p40 (C17.8.20, rat
IgG2a) was a generous gift from Dr. G. Trinchieri, Wistar
Institute, Philadelphia, PAZ2 and was purified from ascites
on a protein G column (Pharmacia Biotech, Uppsala,
Sweden). Purified rat IgG was purchased from Sigma
Chemical, Inc. (St. Louis, MQ).

Induction of Allergic Diarrhea

For the induction of allergic diarrhea, our well-established
protocol was used as described previously." Briefly, on
the first day of the experiment {day 0), mice were primed
by subcutaneous (SC) injection of 1 mg of OVA in Com-
plete Freund Adjuvant (CFA) (Difco Laboratories, Detroit,

MI). One week after the systemic priming (day 7), mice
were repeatedly challenged with 50 mg of OVA by oral
adminigtration (PO} three times per week for several
weeks.” These mice were sacrificed and analyzed within
1 and 2 hours after a total of 10 times of oral administra-
tion with OVA. In a timed kinetics study, mice were sac-
rificed at indicated intervals, ie, 0, 30 minutes, 1 hour, and
2 hours following the last oral administration of OVA. As
controls, mice were repeatedly given oral OVA in phos-
phate-buffered saline (PBS) without systemic priming or
were injected SC with 1 mg OVA in CFA without repeated
oral challenge.

Treatment of Mice with Anti-IL-12p40

In vivo Ab treatment was performed as described previ-
ously.®® Anti-IL-12p40 (C17.8.20, rat 1gG2a) was a gen-
erous gift from Dr. G. Trinchieri, Schering-Plough Re-
search Institute, Dardilly, France.®® BALB/c mice were
intraperitoneally administered with 0.5 mg'to 2.0 mg of
purified anti-IL-12p40 (C17.8) or control rat IgG (Sigma
Chemicals, Inc.) per week for the duration of the experi-
ment. Ab treatment was started 1 week before or at the
time systemic priming with OVA in CFA. Among different
concentrations tested, the protocol of 1 mg/mouse of per
week was the most optimal condition. Further, when the
mAb treatment schedule was compared between the
start at 1 week before or at the same time as OVA sys-
temic priming, an identical effect was noted in this study.
Thus, the mAb anti-IL-12 (1 mg/mouse) was started on 1
week before the OVA systemic priming.

ELISA for OVA-Specific IgE Abs in Serum

To assess QOVA-specific IgE Ab levels in serum, a sand-
wich ELISA system was adopted." End-point titers of
OVA-specific IgE Abs were expressed as the reciprocal
log, of the last dilution that showed a level of 0.1 higher
absorbance than that of sera of non-immune mice as
background.

Isolation of Mononuclear Cells and Cytokine-
Specific ELISA Assay

To isolate mononuclear cells from small and large intes-
tines, we used a enzymatic dissociation method.®?
Briefly, mononuclear cells were dissociated by collage-
nase from small and large intestines after the removal of
Peyer's patches and were then subjected to a discontin-
uous Percoll gradient.2® Moronuclear cells from small
and large intestines were then co-cultured in the pres-
ence of 1 mg OVA. After 3 days of culture, the supemna-
tant was collected and assayed for cytokines by using an
ELISA Kit specific for IL-4 (Endogen, Woburn, MA), IL-5
(Amersham Pharmacia Biotech, Piscataway, NJ), IL-13
(R&D Systems, Minneapolis, MN) and eotaxin (Techne
Corporation, Minneapolis, MN),
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Table 1. Primers and Probes Used for Qualitative and Quantitative RT-PCR

Conventional PCR*

GTT GGA TAC AGG CCA GAC TTT GTT G
GAG GGT AGG CTG GCC TAT AGG CT
ATG GCC ATG TGG GAG CTG GAG

TTT GGT GCT TCA CAC TTC AGG

ACC CAG TTG GCC AGG GTC

CAA GGC ACA GGG TCATCATC

Real-time PCRY

HPRT primer F
H
IL-12p40 primer F
R
IL-12p35 primer F
R
HPRT primer F
R
probe FITC
LCRed640
IL-12p40 primer F
R
probe FITC
LCRed640
IL-12p35 primer F
R
probe FITC
LCRed&40

AAC TTT GCT TTC CCT GGT

AGT CAA GGG CAT ATC CAA CA

CAG TAC AGC CCC AAA ATG GTT AAG GTTGC
AGC TTG CTG GTG AAA AGG ACG TCT CG
AGA GGA GGG GTG TAACCAG

GGG AAC ACATGC CCACTT G

ACC GAA GTC CAA TGC AAA GGC GG
AAT GTC TGC GTG CAAGCTCAG G

CCT GTG CCT TGG TAG CAT CT

AGA CTG CAT CAG CTC ATC G

ACC AGA CAG AGT TCC AGG CCA TCA
TGA TGG CCT GGA ACT CTG TCT GGT

*, Primers were designed based on the published sequence.™®

T, Primers and probes were designed and produced by Nihon Gene Research Laboratories (Sendai, Japan).

Immunoprecipitation and Western Blot Analyses

For the detection of different forms of IL-12, intestinal
tissue extracts were prepared as previously described
with minar modifications.®® Small and large intestines
were removed, minced in cold PBS with protease in-
hibitor, homogenized, and incubated to allow cytokine
release from the tissue. After centrifugation intestinal
tissue extracts were subjected to the measurement of
protein concentration and then pre-cleared with pro-
tein G Sepharose beads (Pharmacia Biotech, Uppsala,
Sweden), subsequently incubated with anti-Il.-12p40,
mixed with protein G Sepharose beads. The beads were
washed, subjected to SDS-PAGE under non-reducing
condition. After electrophoresis, proteins were trans-
ferred to a polyvinylidene diflucride microporous mem-
brane (PVDF Immobilon; Millipore, Bedford, MA) and the
membrane was reacted with biotinylated anti-iL-12
(C17.8) followed by incubation with biotin-streptavidin
complex {(ABC-AP Kit; Vector Laboratories, Inc.). Visual-
ization of the signal was performed by NBT/BCIP Sub-
strate Kit (BioRad, Hercules, CA).

Analysis for IL-12 mRNA Accumulation

The expression of I1L-12p40 or p35 in small and large
intestines of mice was examined using conventional RT-
PCR as previously described'® and quantitative real-time
PCR method using a Lightcycler (Roche Diagnostics,
GmbH Mannheim, Germany), with some modifica-
tions.2%28 The sequences of primers and probes for real-
time PCR were designed by Nihon Gene Research Lab-
cratories (Sendai, Japan) (Table 1). Total RNA was
extracted by using TRIzol reagent (Invitrogen Life Tech-
nologies, Carlsbad, CA} and 2 ug of extracted RNA was
subjected to RT reaction using Superscript Il Reverse
Transcriptase (Life Technologies).” Hypoxanthine phos-

phoribosyl transferase {(HPRT) ¢DNA was used to stan-
dardize the total RNA content. The ¢cDNA from each
experimental sample was then subjected to the Lightey-
cler FastStart DNA Master Hybridization Probes Kit
{Roche Diagnostics). The exiernal standards of HPRT,
IL-12p40, and IL-12p35 DNA prepared by PCR between
20 pg to 0.02 fentograms were used for the quantification
of specific cDNA in each sample. The ratio of the p40 and
p35 increase in experimental mice was calculated and
compared with non-treated mice as follows; the ratio =
(p40 or p35 mRNA amounts from experimental mice/
HPRT mRNA amounts from experimental mice)/{p40 or
p35 mRNA amounts from non-treated mice/HPRT mRNA
amounts from non-treated mice).

Immunohistochemical Analysis

Following extensive washing, small and large intestines
were fixed in 4% paraformaldehyde-PBS and treated with
sucrose-gradient, frozen in OCT-embedding medium as
previously described with minor modifications.2® For |L-
12p40 immunostaining, cryosections were subjected to
antigen retrieval using 10 mmol/L. citric buffer pH 6.0 for
5 minutes at 98°C. Slides were then blocked with normal
mouse IgG and incubated with rat anti-IL-12p40 or con-
trol rat IgG for 16 hours at 4°C. The section were then
treated with biotinylated goat anti-rat 1IgG F(ab’), {Jack-
son ImmunoResearch Laborateries, Inc.), ABC-AP Kit,
and red chromogen (Vector Red, Vector Laboratories,
Inc.). For IL-12p35 immunostaining, we used goat anti-
IL-12p35 (Santa Cruz, Inc., Santa Cruz, CA) or control
goat IgG. The sections were then treated with biotinylated
donkey anti-goat IgG F(ab'}), and ABC-AP Kit. In the case
of surface marker staining, serial sections were incu-
bated with anti-CD11b (M1/70, BD PharMingen) or anti-
CD11c (HL3, BD PharMingen), biotinylated second anti-



1330 Hino et al
AJP April 2004, Vol. 164, No. 4

A )

Anti-IL-12p35

H pao
] p3s

Control Ab

B-2

: Anti-CD11c

IR
o)

Figure 1. Selective production of IL-12p40 by the large intestine of diarthea-induced mice. In A, large intestinal tissues from diarrhea-induced mice were
immunostained with anti-1L-12p40 mAb, anti-[L-12p35 mAb, or control IgG. Control non-disease mice section gave no signal above background (data not shown).
in B-1, IL-12p40-specific mRNA was expressed selectively in the large intestine of mice with allergic diarrhea, In B-2, quantitive real-time PCR analysis of IL-12p40-
and p35-specific mRNA expression was performed. The ratio was obtained as the level of IL-12p40 or p35 expression in non-treated mice as a scale of one. The
detailed information for the expression of this ratio is described in the Materials and Methods section. In C-E, 1L-12p40 was detected in M@ and DC and epithelial
cells in the large intestine. The serial sections of the large intestine from diarhea-induced mice were stained with ant-IL-12p40 mAb and anti-CD11b mab (C), with
anti-IL-12p40 mAb and anti-CD11¢ mAb (). The arrows point to double-positive cells. Large intestinal epithelial cells were stained with anti-IL-12p40 mab (E),

body and ABC-AP. The color reaction was developed
using Vector Red Substrate Kit .

Statistical Analysis

Statistical analyses were performed by the two sample
non-parametric Welch test with a significance level of
0.01 (**) for body weight and Ig levels, respectively.
Mouse disease rates were determined using the Wil-
coxon rank-sum test with a significance levei of 0.01 (**).
Values for cytokine-synthesis in the samples between
anti-IL-12 p40-treated and control antibody-treated mice
were analyzed by using Student's ttest at P values of
<0.01(™).

Resuits

Detection of IL-12p40 Protein in the Large
Intestine of Allergic Diarrhea Mice

To exarnine whether |L-12p40 was expressed in the large
intestine of OVA-induced diarrhea mice, we analyzed
IL-12 expression using a variety of available detection
methods. First, we performed immunohistochemical anal-
ysis 10 directly demonstrate the enhanced IL-12p40 ex-
pression in the large intestine of mice with allergic diar-
rhea. As shown in Figure 1A, IL-12p40, but not IL-12p35,
was expressed in the large intestine of diarrhea-induced
mice. To further confirm enhanced expression of IL-

12p40Q in the large intestine of mice with diarrhea, we next
performed IL-12-specific RT-PCR analysis. Interestingly,
IL-12p40 mRNA was only detected in the large intestine
of diarrhea-induced mice, not in contral mice without the
disease [eg, SC only or per oral challenge (PO} only;
Figure 1B]. In contrast, IL-12p35 mRNA expression was
detected in both groups of mice (Figure 1B-1). When
IL-12-specific mRANA quantitative real-time PCR analysis
was performed, high leveis of IL-12p40-specific mRNA
were noted in the large intestine of OVA-induced allergic
diarrhea mice (Figure 1B-2). In contrast, the level of p35
did not vary among the four different groups including
experimental diseased (SC/PO) and control non-dis-
eased mice (non-treated, SC only, and PO only). Taken
together, these results clearly indicate that IL-12p40, but
not p35, was selectively enhanced at the levels of both
mRNA and protein in the large intestine of allergic diar-
rhea mice.

Inasmuch as the induction of IL-12p40 selectively oc-
curred in the large intestine of OVA-induced allergic di-
arrhea mice, it was important to determine which cell
types produced IL-12p40 in the large intestine. Immuno-
histochemical analysis demonstrated that IL-12p40-pro-
ducing cells were co-stained with anti-CD11b mAb [ie,
macrophages (M@}]. Further, CD11¢™ cells [ie, dendritic
cells (DC)] were also positively stained for L-12p40 (Fig-
ure 1, C and D). Further, some epithelial cells were also
positive for IL-12p40 expression (Figure 1E). Taken to-
gether, these findings show that large intestinal macro-
phages, dendritic ceils, and epithelial cells are responsi-
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Figure 2. Induction of IL-12p40 homodimer in the large but not small
intestine of diarrhea-induced mice. Large and small intestinal tissue extracts
were subjected to immunopreciptation and Westemn blotting analysis using
anti-IL-12p40 (C17.8) mAb under non-reducing conditions (A). The captions
above the figure indicate the experimental mouse group receiving different
in vivo treatments. Thus, the samples were obuained from SC/PO mice
treated with C17.8 or control antibodies. Further, the samples were isolated
from mice treated with PO only, SC only, or non-treated mice. The arrow
points 1o 11-12p40 homedimer expression in the large intestine of diarrhea-
induced mice, The data represent four independent experiments. In B, at the
indicated times after oral administration of QVA, large intestinal tissue ex-
tracts isolated from diarrhea-induced mice were assayed for [L-12p40 by the
same method as in A. In €, the large intestinal tissue extracts of diarrhea-
induced mice were subjected to Western blotting with anti-IL-12p35 Ab as
well as anti-1L-12p40, 11-12p70 protein was used as a positive control for the
1L-12p35 detection system. As negative control, immunoprecipitation was
performed without the tissue specimens (Ab only). The data represent three
different experiments.

ble for the production of 1L-12p40 at the disease site of
OVA-induced allergic diarrhea.

The Western blotting method was adopted for the ex-
amination of IL-12 p40 expression in the small and large
intestinal tissue extracts from OVA-induced allergic diar-
rhea mice within 1 to 2 hours after the last oral challenge,
In the large intestine of diarrhea-induced mice, the 80kD
form of IL-12 predominated clearly demonstrating the
presence of 1L-12p40 homodimer but not 70kD IL-12
heterodimer, in contrast to the environment observed in
the large intestine of contrel mice or the small intestine of
mice with/without diarrhea (Figure 2A). The multiple
bands of p40 and p80 are the result of glycosylation
heterogenity.® We thus analyzed three bands of p40 and
three bands of p80 as specific bands. In the case of
spleen, IL-12p40 was detecied in control, healthy mice.
The levels of IL-12p40 did not change after development
of allergic diarrhea (data not shown). To examine the
kinetics of the response, we next assessed the time
course of IL-12p40Q expression in the large intestine of the
diarrhea-induced mice. The expression of 1L-12p40 or
p80 in the large intestine peaked between 1 and 2 hours
after the last oral challenge, at the same time that severe
symptoms of OVA-induced allergic diarrhea were ob-
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Figure 3. Inhibition of allergic diarrhea disease by the treatment with anti-
IL-12p40 mAb. In A, anti-1L-12p40 mAb (C17.8) treatment (thin dashed
line) delayed the development of allergic diarrhea when compared with the
rat [gG-treated group (solid line), Statistical differences were determined by
Wilcoxon rank-sum test and are indicated by **, P < 0.01. Mice with SC only
were used as controls (thick dashed line). In B, left, body weight was
recovered in allergic diarrhea mice treated with anti-1L-12p40 mAb (C17.8).
In B, right, OVA-specific IgE Abs were reduced in the serum of allergic
diarrhea mice treated with anti-[L-12p40 mAb (C17.8). The data are ex-
pressed as the mean of = SE and are representative of five independent
experiments. Statistical differences berween anti-lE-12p40 mAb and control
rat IgG-treated mice are indicated as =, P << 0.01.

1% Con Ab C17.8 SC only

served (Figure 28). These data suggest that there is an
intimate relationship between the development of diar-
rhea and the expression of IL-12p40 in the large intestine.

To further confirm the expression of IL-12p80 or p40
instead of the p70 form, the protein extracts from the
large intestine of the diarrhea-induced mice were immu-
noprecipitated with anti-tL-12p40 mAb and then Western
biotting was performed using anti-1L-12p35 mAb. No mo-
lecular bands corresponding to IL-12p70 proteins were
detected in the large intestine of diarrhea-induced mice,
while predominant IL-12p40 protein was detected (Figure
2C). The large moilecular weight band above the p70 and
p80 bands was non-specific and was caused by the
nature of antibody used in the immunoprecipitation, since
the large molecular weight band was also seen following
imrmunoprecipitation in the absence of tissue specimens
(Ab only in Figure 2C). These results indicate that the
secretion of IL-12p40, but not IL-12p70, in the large in-
testine is critically important in the development of OVA-
induced allergic diarrhea.

Anti-IL-12p40 Treatment Reduced the
Symptoms of Allergic Diarrhea

Inasmuch as the preferential localization of 1L-12p40 was
observed in mice with allergic diarrhea, we next per-
formed a neutralization experiment using anti-1L-12p40
mAb (C17.8). We observed a significant delay in the
onset of diarrhea and reduced the frequency of diarrhea
to 40% by treatment with anti-IL-12p40 mAb (Figure 3A).
Obvious body weight loss was seen in control Ig-treated
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Figure 4, In vivo reatment with anti-IL-12p40 (C17.8) reduced the predom-
inant antigen-specific Th2 type responses by large intestinal mononuclear
celis isclated from diarrhea-induced mice. The mononuclear cells isolated
from the large intestine (1.5 X 10° cells/well) were culttred with OVA (1
mg/ml) for 3 days. Culture supernatants were harvested and then assayed for
IL~4, IL-13, IL-5, and eotaxin by ELISA assay. These data are expressed as the
mean * SE and are representative of three independent experiments. The
statistical differences between anti-IL-12p40 mAb and control antibody
treated mice are indicated as **, P < 0.01,

diarrhea mice, while treatment with anti-IL-12p40 mAb
resulted in partial recovery from body weight loss (Figure
3B, left). In addition, high levels of OVA-specific IgE Abs
were detected in the serum of diarrhea-induced mice
trealed with control Ab, whereas the mice treated with
anti-IL-12p40 mAb showed low levels of QVA-specific
IgE Abs (Figure 3B, right). These results indicate that
treatment with anti-IL-12p40 mAb alters the environment
from a disease-inducing one to one fastening recovery in
OVA-induced allergic diarrhea.

Suppression of Intestinal Th2-Type Cytokine by
Anti-I-12p40 Treatment

To confirm decreased Th2-type responses in the large
intestine after anti-IL-12p40 mAb treatment, we next ex-
amined antigen-induced cytokine praduction by the large
intestinal mononuclear cells. Interestingly, the anti-IL-
12p40 treatment resulted in decreased levels of OVA-
induced Th2 cytokine synthesis including those of IL-4,
IL-5, and IL-13 (Figure 4). Production levels of the Th2
cytokines were comparable to those of control mice with-
out allergic diarrhea (SC only). In contrast to the alter-
ations observed in OVA-induced Th2 cytokine synthesis,
there was no difference in the leve! of IFN-y production
between the mice treated with anti-IL-12p40 mAb and
control 1gG {data not shown). We further confirmed that
IL-4 producing cells were CD4* Th2 cells by intracellular
staining {data not shown).

Finally, the level of eotaxin, a well-known chemokine for
eosinophil recruitment in allergic disease,® was also ex-
amined, since our previous study demonstrated that the
frequency of eosinophils was increased in the large in-
testine of allergic diarrhea mice." Likewise, the level of
eotaxin could alsc be presumed to be increased in the
large intestine of allergic diarrhea mice (Figure 4). Inter-
estingly however, the level of eotaxin synthesis was sig-
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Figure 5. Suppression of allergic diarthea development in IL-12p40 KO
mice. In A, the incidence of allergic diarrhea wzs reduced in the IL-12p40 KO
mice when compared with wild-type mice immunized subcutaneously and
then given OVA repeatedly by the oral route (SC/PO). In B, the large
intestinal LP mononuclear celis from 1L-12p40 KO mice did not produce I1-4.
Mononuclear cells isolated from the large intestine were restimulated with
OVA for the assessment of IL-4 synthesis as described in Figure 4A. The data
are expressed as the mean * SE and represent three different experiments.

nificantly decreased by the treatment with anti-IL-12p40
mAb (Figure 4). These results indicate that anti-IL-12p40
mAb inhibited the immuncpathological Th2 cytokine en-
vircnment of the large intestine in allergic diarrhea mice.
Thus, an interesting scenario could be the presence of
high levels of IL-12p40 monomer andfor homodimers
instead of IL-12p70 in the disease site of OVA-induced
altergic diarrhea mice. Therefore, treatment with anti-1L-
12p40 mAb might result in the inhibition of Th2-type
responses in the large intestine of allergic disease mice.

IL-12p40-Deficient Mice Do Not Develop
Allergic Diarrhea

To directly confirm the pathological role of IL-12p40 in the
development of allergic diarrhea, IL.-12p40 knockout
{KO) mice were used. IL-12p40 KO mice did not develop
the allergic diarrhea completely (Figure 5A). OVA-in-
duced IL-4 production by farge intestinal LP mononuclear
cells was not detected in IL-12p40 mice (Figure 5B). The
levels of other Th2-type cytokines (IL-5 and IL-10) were
also reduced in IL-12p40 KO mice (data not shown).
Taken together, these results clearly show that IL-12p40
plays an important role in the development of this large
intestinal allergic disease.

Discussion

Our present findings provide new, strong evidence for an
immunopathological role for locally produced IL-12p40 in
the development of OVA-induced allergic diarrhea. Here
we demonstrate the high expression of 1L-12p40, without
IL-12p35, in the large intestine but not in the small intes-
tine of mice with allergic diarrhea. These IL-12p40 were
locally produced by large intestinal M@, DC, and epithe-
lial cells. Based on our knowledge, this is the first dem-
onstration of the presence of IL-12p40 in the selected
part of the intestinal tract (eg, large intestine) in mice with
allergic diarrhea. Although IL-12 is thought to drive the
Thi-dominant environment,®' our present findings pro-
vide additional supportive evidence that IL-12p40 con-
tributes to the generation of a Th2-dominant enviran-



ment."®1 |t should be noted that our results directly
demonstrate the in vivo immunopathological contribution
of locally produced mucosal IL-12p40 to the develop-
ment of OVA-induced diarrhea. Thus, the anti-IL-12p40
treatment reduced the incidence of OVA-induced allergic
diarrhea. An attractive explanation would be that large
intestinal M@s and DCs as well as epithelial cells contrib-
ute to the development of pathological Th2-dominant
responses by the production of IL-12p4G in OVA-induced
allergic diarrhea. Thus, the administration of anti-IL-
12p40 resulted in the inhibition of the locally produced,
mucosal IL-12p40-created, pathological Th2 cendition,
leading to the reduction of disease development.

Qur- present and previcus results clearly show that
large intestinal antigen-specific Th cells produce high
levels of Th2 cytokine in OVA-induced allergic diarrhea.’
The presence of monomeric or dimeric forms of 1L-12p40,
behaving as an antagonist to IL-12p70, is an additional
contributing factor for the creation of a dominant patho-
logical Th2 environment. Thus, the severe symptoms of
allergic diarrhea were reduced by treatment with anti-l_-
12p40 mAb, since the production of Th2 cytokines was
significantly decreased in the large intestine. Overall,
IL-12p40-supported, Th2-type cytokine synthesis plays a
critical and pathologicat role in the induction of allergic
reactions in large intestinal tissues. Although we do not
have any specific explanation for the generation of |L-
12p40 at the disease site, one possibility could be anti-
gen overload in the intestinal tract. Our previous study
demonstrated that oral administration of high doses of
OVA induced Th2-mediated allergic diarrhea in system-
atically pre-sensitized BALB/c mice.' In contrast, low
doses of oral OVA failed to induce allergic diarrhea. It
was also shown that high doses of OVA peptide in-
creased the numbers of naive CD4™ T cells with Th2-like
phenotype, which in turn produced dramatically large
amounts of IL-4.%2 Therefore, high doses of oral antigen
may create an immunological environment favoring Th2
cell development. To support this view, it has also been
shown that high doses of oral antigen preferentially inhibit
IFN-y-producing Thi-type cells.” Further, the dose of
antigen ¢an determine whether Th1- or Th2-type cells are
generated by antigen-presenting cells including DC.3?
Taken together, these findings allow us to postulate that
an overload of oral antigen may direct mucosal antigen-
presenting cells, including DC and M@, and epithelial
cells, to produce monomeric or dimeric forms of IL-12p40
instead of IL-12p70.

IL-12 has been considered as an inhibitory factor for
allergic responses induced by preferential Th2-cytokine

production. Indeed, endogenous riL-12 decreased IGE

levels and Th2 cytokine production induced by allergic
reaction.®* In contrast, IL-12 has aiso been shown to be
involved in the pathological phase of mucosa-associated
allergic diseases of the respiratory tract. In the murine
asthma model, IL-12 contributed to the recruitment of
eosinophils into the respiratory tract via the induction of
VCAM-1 on local vascular epithelial cells.®® Thus, the
deletion of the IL-12 gene (p40) resulted in a substantiai
reduction in the airway recruitment of eosinophils and in
the expression of VCAM-1 when compared with wild-type

Colonic IL-12p40 for the Development of Allergic Diarrhea 1333

AJP April 2004, Vol. 164, No. 4

mice exhibiting an asthma-like reaction induced by sys-
temic sensitization followed by nasal OVA.3® In addition,
sefective overexpression of IL-12p40 was noted in airway
epithelial cells and bronchoalveolar lavage fluids of pa-
tients with asthma.?® Qur present findings also demon-
strate that the locally preduced p40 form of IL-12 was
associated with the development of OVA-induced aller-
gic diarrhea. Thus, IL-12p40 was preferentially ex-
pressed only in the large intestine of allergic diarrhea
mice. In addition to these results generated through the
characterization of an asthma model, our present finding
suggests a critical role for IL-12, especially that of p40-
associated molecules, for the development of allergic
diseases including asthma and foed allergy.

The treatment with anti-IL-12p40 mAbs effectively re-
duced the incidence as well as the severity of allergic
diarrhea, an effect most likely due to an alteration in the
dominant immunopathelogical Th2-type response to a
Th1-type environment. To support this view, locally over-
expressed IL-12p40 may compete with the well-known
Thi promoter IL-12p70 and IL-23 (p40/p19).37-3° To this
end, it has been shown that endogenous IL-12p40 can
overcome the Thi-promoting activity of IL-12p70 and/for
IL-23."% In this regard, our recent and separate study
showed that II_.-23p12-specific mMRNA expression was not
detected in either diseased or healthy BALB/c mouse
groups {(data not shown}. The results suggest that 1L-23
dose not play an impartant role in the development of our
diarrhea mode!l. Therefore, treatment with anti-IL-12p40
antibady likely eliminated the antagenistic effect of IL-
12p40 at the local site, perhaps leading to the creation of
an IL-12p70 environment for the initiation of down-regu-
lation of Th2 responses. An alternative explanation would
be that anti-IL-12p40 mAb used in this experiment may
possess a higher affinity for the monomeric or dimeric
form of IL-12 than for the IL-12p70 heterodimer. Although
our emphasis has been on the inhibitory effects of anti-
IL-12p40 mAb for the prevention of allergic diarrhea, one
must accept the fact that complete prevention of disease
development was never achieved through use of mAbs.
A possible explanation for this finding couid be that anti-
IL-12p40 mAb inhibited Th1 induction of IL-12p70 in ad-
dition to IL-12p40. Thus, this alteration of a Th2 dominant
environment and shift to one of a Thi-type may partially
occur in the large intestine of mice with allergic diarrhea.
To support this possibility, the mAb used in these exper-
iments has been shown to neutralize IL-12p70 in addition
to 1L-12p40.73' In addition, the experiments using IL-
12p40 KO mice suggest that the absence of IL-12p40
results in a complete failure to develop allergic diarrhea.
It clearly shows that IL-12p40 play a critical role in the
development of this disease. However, one alternative
and simple expectation would be that an 1L-12p40 defi-
ciency may lead to the creation of Th2 environment due
to the lack of Th1 inducing 1L-12p70. Thus, it may lead to
the more susceptible condition for the development of
Th2-mediated diarrhea. Although we do not have any
specific data to negate the latter possibility, one possible
explanation would be that the deficiency of IL-12p70
formation in iL-12p40 KO mice lead to the lack of ability to
active antigen presenting cells. IL-12p70 deficiency may
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result in the absence of induction antigen-specific T cell
response including the pathological Th2-type cells. It has
been shown that IL-12 or IL-12-induced IFNv can directly
activate antigen presenting cells.*® To address the issue,
a series of interesting experiment would be the adaptive
transfer of large intestinal M@, DC, and epithelial cells
into IL-12p40 and/or p35 KO mice. These experiments
are, of course, planned for our future study.

Recently, it has been suggested that IL-12 is also one
of the key cytokines for the regulation of the intestinal
immune response.*’ Mouse IL-12p40 is produced as
monomer and homodimer five to ninety times as fre-
quently as IL-12p70 in vivo and in vitro,*®42 implying the
existence of additional immunological roles for IL-12p40.
An interesting possibility would be that excess produc-
tion of the monomeric andfor the homodimeric form of
IL-12p40 could be a key contributing factor to the main-
tenance of immunological homeostasis at the mucosal
compartment. Interestingly, our present findings demon-
strate that over-expression of 1L-12p40 occurred only in
the large but not the small intestine following oral expo-
sure to high doses of protein antigen. At the present time,
we cannot offer any specific explanation for this distinct
localization of [L-12p40. However, an interesting possi-
bility would be that the expression of negative regulators
for IL-12, including sCD40L and IL-10R,**3 could differ
between the small and large intestine. To support this
possibility, epithelial cells have been shown to express
CD40 and IL-10R.%** Since the iarge intestinal tract is
continuously exposed to overfoaded microflora, the level
of co-stimulatory molecule expression such as CD40 by
large intestinal epithelial cells could be lower to avoid
unnecessary inflammatory responses. Thus, the large in-
testinal tract may form an immunological environment
favoring the generation of IL-12p40. This interesting pos-
sibility is currently being tested in our laboratory.

In summary, our results demonstrated that locally pro-
duced IL-12p40 contribute to the Th2 cell generation of
pathological polarization in the large intestine of OVA-
induced allergic diarrhea. This study provides the first
evidence for the association of over-expressed IL-12p40
from intestinal epithelial cells, DC and M@, in the devel-
cpment of allergic diarrhea. Thus, the application of anti-
IL-12p40 mAb resulted in the reduction of disease inci-
dence and severity. Further, the disease development
was completely eliminated in the deletion of IL-12p40
gene. Taken together, our studies provide an opportunity
to consider that anti-IL-12p40 mAbs may be an alterna-
tive therapeutical regimen for the control of allergic intes-
tinal disease.
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Abstract

Both B subunit of Shiga toxin 1 (Stx1-B), which mediates the binding of toxin to the membrane, and mutant Stx1 (mStx1), which is
a non-toxic double-mutated Stx1 harboring double amino acid substitutions in the A subunit, possess potent mucosal adjuvant activity.
Nasal immunization of mice with ovalbumin (OVA) plus the Stx1-B or mStx1 induced OVA-specific serum IgG and mucosal IgA re-
sponses. IgG subclass analysis revealed that mStx] and Stx1-B as mucosal adjuvants supported Ag-specific IgG1 followed by IgG2b Abs.
The co-administration of either mStx1 or Stx1-B with OVA enhanced the production of IL-4, IL-5, IL-6 and IL-10 with low IFN-y, by
OVA-specific CD4* T cells. To better elucidate the mechanisms underlying mStx1’s and Stx1-B's adjuvant activity, we next sought to ex-
amine whether or not dendritic cells (DC) residing in the nasopharyngeal-associated lymphoreticular tissue (NALT) were activated by nasal
administration of $tx1-B or mStx 1. We found that mice nasally administered with Stx1-B or mStx1 showed an up-regulation in the expression
of CD80, CD86 and especially CD40 on NALT DCs. Taken together, these results suggest that non-toxic Stx derivatives could be effective
mucosal adjuvants for the induction of Th2-type, CD4* T cell mediated, antigen-specific mucosal IgA and systemic IgG Ab responses, and
that they likely owe their adjuvant activity to the up-regulation of co-stimulatory molecules including CD&0, CD86 and CD40 on NALT DCs.

© 2004 Elsevier Ltd. All rights reserved.

Keywords: Stx; Adjuvant

1. Introduction

Adjuvants are key to the development of effective mucosal
vaccine because they can compensate for the often poorly
immunogenic nature of orally and nasally administered vac-
¢ine antigens by inducing vaccine antigen-specific humoral
and/or cellular immune responses. Much of the protection
available at mucosal surfaces such as the respiratory, gas-
trointestinal and uregenital tracts is provided by the produc-
tion of secretory IgA (S-IgA) antibodies (Abs) which are
effectively produced only when vaccine is administered by
a mucosal route [1]. In an effort to develop new stratepies to
curb global infection, researchers in the field are currently

* Corresponding author. Tel.: +81-3-5449-5270; fax: +81-3-5449-5411.
E-mail address: kiyono@ims.u-tokyo.ac.jp (H. Kiyono).

0264-410X/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/).vaceine.2004.03.034

trying to develop novel adjuvants which can be nasally or
orally co-administered with vaccine antigen to maximize the
induction of protective S-IgA antibodies.

Thus far, several bacterial enterotoxins including cholera
toxin (CT) of Vibrio cholerae and heat labile enterotoxin
(LT) of enterotoxigenic Escherichia coli have been identi-
fied as possessing strong immunoenhancing activity against
co-administered protein antigen when given by the oral
or nasal routes [2-5]. By eliciting antigen (Ag)-specific
Th2-type CD4™ T cell responses with high levels of IL-4
and TL-5 production, mucosally co-administerated CT en-
hances the generation of Ag-specific systemic IgGl, IgE
and mucosal S-IgA responses [6]. In contrast, LT induces a
mix of IFN-y-producing CD4*+ Thl-type and IL.-4-, IL-5-,
IL-6-, and IL-10-secreting Th2-type cells for subsequent
induction of serum IgGl, IgG2a, and mucosal S-IgA Ab
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responses [7]. Other bacterial toxins such as pertussis toxin
and PT-9K/129G, the genetically detoxified derivative of
pertussis toxin have also been shown to possess mucosal
adjuvant activities [8,9]. Pertussis toxin potentiates both
Th1 and Th2 responses to antigen co-injected via the sys-
temic route [10]. The mucosal presentation of a chimeric
molecule composed of the gp 120V3 loop region of the
MN strain of HIV-1 and a non-toxic form of Pseudomonas
exotoxin resulted in strong mucosal and systemic immune
responses to an integrated HIV-Ag {11]. However, Shiga
toxin (Stx) was found to possess imrnunogenicity but not
adjuvant activity when given via the oral route [12).

Stx, which is generated by Stx-producing E. coli (STEC),
is one of the major virulence factors for STEC infectious
diseases. Stx is a holotoxin composed of an A subunit mea-
suring approximately 32-kDa in non-covalent association
with a pentameric ring of an identical B subunit, each with
a molecular mass of 7.7-kDa [13]. The A subunit is the en-
zymatic component of the toxin and acts as a highly specific
N-glycosidase enzyme hydrolyzing the bond between ribose
and a single adenine residue found on a prominent loop
structure in the 285 rRNA component of eukaryotic ribo-
somes [14,15]. The B subunits mediate the binding of toxin
to the neutral glycolipids of cell membranes, globotriaosyl-
ceramide and globotetraosylceramide [16]. Stx is classified
into two groups: Stx1, the amino acid sequence of which is
identical to that of Shiga toxin: Stx2, which is immunolog-
ically distinct from Stx1 [17].

In an effort to develop a candidate for a vaccine against
infectious diseases caused by enterohemorrhagic E. coli,
we have previously used site-directed mutagenesis to gen-
erate E167Q & R170L (mStx1), a double mutant of Stx1,
harboring double amino acid substitutions in its RNA
N-glycosidase active center [18]. Due to these mutations,
mStx1 lacks RNA N-glycosidase activity, cytotoxicity and
mouse lethality [18]. In the present study, we have addressed
whether or not mStx1 and Stx1-B elicit mucosal adjuvant
activity when co-administered nasally with protein antigen.
Furthermore, we have assessed the capability of nasally
administered mStx1 and Stx1-B to activate dendritic cells
{DC) in nasopharyngeal-associated lymphoreticular tissue
(NALT). Our results suggest that both mStx1 and Stx1-B are
effective mucosal adjuvants for the induction of Ag-specific
Ab responses in both mucosal and systemic compartments.
Moreover, when applied nasally, they are also capable of
up-regulating co-stimulatory molecules including CD30,
CD86 and CD40 on NALT DCs.

2. Materials and methods
2.1 Mice
C57BL/6 mice purchased from SLC (Shizuoka, Japan) or

Cler Japan, Inc. (Tokyo, Japan) were maintained and bred in
the experimental animal facility at Osaka University under

pathogen-free conditions in microisolator cages. All mice
were provided sterile food and water ad libitum. C57BL/6
mice were used in this study at 8-12 weeks of age.

2.2. Bacterial toxins

The mutant of Stxl (mStx1), native (n)Stx1 and nStx2
were purified from E. coli MC 1061 strain M 23, strain
87-27 and strain Tp 8, respectively [18,19). As described
previously, purification steps included ion-exchange, chro-
matofocusing and HPLC as described previously [19]. The
B subunit of Stx1 (Stx1-B) was derived from Bacillus brevis
pNU212-VT1B and was purified by the use of jon-exchange
and gel filtration [20].

The amount of endotoxin was measured in the toxin prepa-
ration with an Endospec-SP test (Seikagaku Co., Tokyo,
Japan). The nStx1, nStx2, mStxl and Stx1-B used in this
study contained 7.03, 9.52, 34.0 and 3.05 pg of lipopolysac-
charide (LPS) per 10 pg of protein, respectively. The range
of these LPS contents (e.g. 3-35 pg/10 p.g protein) has been
shown to have no biological effect on the immune system
[21,22].

2.3. Immunization protocol and sample collection

A standard nasal immunization protocol was used in this
study [23]. Mice were nasally immunized on days 0, 7 and
14 with a 10 pl aliquot (5 ! per nostril) containing 100 pg
of ovalbumin (OVA; Sigma, St. Louis, MO) alone or com-
bined with various doses of mS8itx1, Stx1-B, nStx1 or nStx2
as mucosal adjuvants [23]. Saliva was obtained from mice
foliowing i.p. injection with 100l of 1 mg/m! pilocarpine
{Sigma). Nasal washes were collected by gently flushing the
nasal passage with 100 pl of sterile PBS [23].

2.4. Analysis of antibody responses

Ag-specific Ab titers in serum, saliva, and nasal washes
were determined by ELISA as described previously [6,24].
Briefly, plates were coated with OVA (1 mg/ml) and blocked
with 1% BSA in PBS. After the plates were washed, se-
rial dilutions of serum, saliva, or nasal washes were added
in duplicate. Following incubation, the plates were again
washed and peroxidase-labeled goat anti-mouse ., v or a
heavy chain-specific Abs [Southern Biotechnology Asso-
ciates (SBA}, Birmingham, AL] were added to appropriate
wells. Finally, 3,3,5,5-tetramethylbenzidine (TMB) with
H;0; was added for color development.

For IgG subclass analysis, biotinylated rat monoclonal
anti-mouse y1 (G1-7.3), y2a (R19-15), y2b (R12-3) or v3
{R40-82) heavy chain-specific Abs (BD PharMingen, San
Diego, CA) and streptavidin-conjugated peroxidase (Vector
Laboratories, Inc., Burlingame, CA) were employed. For
the analysis of total IgE antibodies, OptEIA ELISA for IgE
was used (BD PharMingen). Endpoint titers were expressed



M. Ohmura-Hoshino et al. /Vaceine 22 (2004) 37513761 3753

as the reciprocal log; of the last dilution giving an optical
density at 450 nm (ODysg) of >0.1 above negative control.

2.5. Detection of Ag-specific Ab-forming cells (AFCs) by
the enzyme-linked immunospot (ELISPOT) assay

In the ELISPOT assay, numbers of Ag-specific AFCs
from various tissues including salivary glands, nasal pas-
sages and spleens were determined by direct counting of
spots as previously described in detail [4,24]. Ninty-six-well
nitrocellulose-based plates (MultiScreen-HA, Miltopore
Co., Bedford, MA) were coated with 1 mg/ml of OVA di-
luted in PBS for enumeration of Ag-specific AFC. Wells
were blocked with RPMI1640 medium containing 10%
FCS, HEPES buffer (15mM), L-glutamine (2mM)}, peni-
cillin (100 U/ml), and streptomycin (100 pg/ml) (complete
medium). Cells at various dilutions were added and incu-
bated for 6h at 37°C in 5% CO; in moist air. Antigen-
specific AFCs were detected with peroxidase-labeled
anti-mouse ., v, or o Ab (SBA) and then visualized by
adding the chromogenic substrate, 3-amino-9-ethyicarbazole
(Moss. Inc., Pasadena, MD). Spots were counted with the
aid of a dissecting microscope (SZH Zoom Stereo Micro-
scope System, Olympus, Lake Success, NY).

2.6. OVA-specific CD4™ T cell responses

CD4+ T cells were purified from cervical lymph
node (CLN) and splenic cell suspensions by use of the
magnet-activated cell sorter systern (Miltenyi Biotec) [24].
Cells were added to a nylon wool column (Polysciences,
Warrington, PA) and incubated at 37 °C for 1h to remove
adherent cells. The CD4% T cell subset was then ob-
tained by positive sorting using a magnetic bead separation
system consisting of anti-CD4 monocional (m)Ab (clone
GK1.5)-conjugated microbeads (MACS; Miltenyi Biotec).
Purified CD4* T cells (>98% purity) were cultured at a
density of 4 x 10° cells/ml with OVA (1 mg/ml) with T
cell-depleted, irradiated (3000rads) splenic feeder cells
(8 x 10° cells/ml) and rIL-2 (10 units/ml; PharMingen) in
complete medium [23]. The CD4% T cell cultures were
incubated for 3 days at 37°C in 5% CO; in air. Culture
supernatants were then harvested for quantitation of se-
creted IFN-vy, IL-4, IL-5, IL-6 and IL-10 by a commercial
AN'LYZA immunoassay kit (R&D Systems, Minneapolis,
MN). To measure the levels of Ag-specific T cell prolif-
eration, 0.5 uCi of [*H]thymidine (Amersham Pharmacia
Biotech) was added to individual cultures 18h before ter-
mination, and the uptake of [*H]thymidine in counts per
minute (cpm) was determined by scintillation counting [25].

2.7. FACS analysis

Cells were analyzed by FACS (FACS Calibur & Cel-
1Quest; Becton Dickenson Co. Inc., San Jose, CA) using
the following antibodies from BD PharMingen: fluorescerin

isothiocyanate (FITC)-conjugated anti-mouse CD11c (clone
HL3), phycoerythrin (PE)-conjugated anti-mouse CDS80
(clone 16-10A1), PE-conjugated anti-mouse CD86 (clone
GL1), PE-conjugated anti-mouse I-A? (clone AF6-120.1),
and PE-conjugated CD40 (clone 3/23).

2.8. Isolation of NALT DC

NALT was isolated and then rinsed in complete medium
[23] before being digested with collagenase D (400 Mandl
units/ml; Roche, Indianapolis, IN), as previously described
[26]. Briefly, NALT was incubated with collagenase D (400
Mandl units/ml) and DNase I (200 pg/mi; Roche) for 35 min
at 37°C in RPMI 1640 medium, and EDTA at a final con-
centration of 5 mM was added during the last 5 min of incu-
bation. For the enrichment of DC, released cells were lay-
ered over a metrizamide gradient column (Accurate, West-
bury, NY; 14.5 g of metrizamide added to 100 ml of compiete
medium) and centrifuged, and the low-density fraction was
collected as DCs [27]. The enriched DC cells were counted
and then stained with the appropriate monoclonal antibod-
ies, as described above for FACS analysis.

2.9. Statistical analysis

The results are reported as mean =+ one standard error
(S.E.}. Statistical significance (P < 0.05) was determined by
Student’s ¢-test and by the Mann—Whitney U-test of unpaired
samples.

3. Results

3.1. Induction of Ag-specific systemic Ab responses by
nasal administration of OVA and mSix! or StxI-B

We began by assessing whether nasal co-administration of
newly developed non-toxic Stx1 derivatives such as mStx]
or Stx1-B would provide mucosal adjuvant activity for the
induction of Ag-specific Ab responses (Fig. 1A). Mice were
nasally immunized with an optimal dose of OVA in the
presence or absence of different concentrations of the ad-
juvant candidates. Although all doses of mStx1 tested in
this study (e.g. 0.1-20 g) provided the adjuvant activity,
administration of 0.5 ug of mStx1 resulted in the highest
OVA-specific IgM and IgG Ab responses among several
doses tested (data not shown). Of all the dosages of Stx1-B
tested (e.g. 0.1-20 p.g), the administration of 5 p.g of Stx1-B
produced the most impressive serum IgM and IgG anti-OVA
Ab responses. Although a dosage of 0.5 ug of the native
form of Stx1 (nStx1) resulted in some adjuvant activity, high
doses (e.g. 2 ug) of nStx1 proved universally lethal to mice
(n = 5) (data not shown). Due to its lethality, native Stx1
does not make a practical mucosal adjuvant candidate. That
same lethality also makes nStx1 unsuitable for subcutaneous
co-administration, as we found in an earlier study (unpub-
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Fig. 1. Mucosal adjuvant activity of Stx1 derivatives for the induction of systemic antibody responses. OVA-specific serum IgM, IgG and IsA Ab
responses {A), IgG subclass Ab responses (B) and total IgE responses (C) were examined and compared in serum of mice nasally immunized with
OVA plus mStx1 or Stx1-B. Groups of C57BL/6 mice were nasally immunjzed with 100 ug of OVA plus 0.5 pg of Stx] mutant (dotted bar) (E167R &
R170L; mStx1), or 5 pg of Stx1-B (black bar) as mucosal adjuvant or with OVA alone (white bar) on days 0, 7 and 14. Serum samples were collected
at day 21 and examined for OVA-specific IgM, IgG and IgA Abs, OVA-specific IgG subclass Ab responses and total IgE by ELISA. The results are
expressed as the mean & 5.E.M. from five to six mice per group and from a total of three separate experiments,

lished data). In summary, we found mStx and Stx1-B to be
the best candidates for possible mucosal adjuvants, since
an optimal dose of 0.5 or 5 g, respectively, induced serum
IgM, IgG and relatively low IgA anti-OVA Ab responses
(Fig. 1A). Consequently, the remainder of our experiments
focused on the mucosal adjuvant activity of these two forms
of non-toxic derivatives. As expected, antigen-specific Ab
responses were low after nasal immunization with OVA
alone (Fig. 1A). Analysis of OVA-specific IgG subclass re-
sponses revealed that co-administration of mStx1 or Six1-B
resulted in a major IgG subclass response with IgG1 sub-
class appearing, followed by IgG2b (Fig. 1B). The levels of
total IgE were not statistically changed between mice immu-

nized with OVA and Stx1 derivatives and those administered
OVA alone (Fig. 1C), Further, nasal immunization of OVA
and Stx1 derivatives did not mount for antigen-specific IgE
antibodies (Stx1-B: 6.85 & 0.05 and mStx1: 6.80 + 0.02)
when compared with OVA alone (<6.0} (data not shown).

‘When antigen-specific IgG antibody forming cells (AFC)
in the spleen and cervical lymph node (CLN) of mice nasally
immunized with OVA plus Stx1 derivatives were analyzed,
significant numbers of OVA-specific IgG AFC were de-
tected, confirming the results obtained by the characteriza-
tion of OVA-specific serum Ab responses. In contrast, low
numbers of OVA-specific IgG AFC were seen in spleen and
CLN of mice given OVA alone (Fig. 2A).
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Fig. 2. Analysis of OVA-specific antibody-forming cells (AFC) and
OVA-specific CD4* T cell proliferative responses in mice nasally immu-
nized with OVA and Stx1 derivatives. Mice were nasally immunized with
OVA (100 pg) plus 0.5 pg of mSix1 (dotted bar), 5 pg of Stx1-B (black
bar) or OVA alone (white bar). Mononuclear cells were isolated from
spleen of nasally immunized mice at day 21 and examined by Ag-specific
ELISPOT (A). Purified splenic CD4* T cells were co-cultured at a den-
sity of 2 x 10 cells/ml with 1 mg/ml of OVA, T cell-depleted, irradiated
splenic feeder cells (4 x 10° cells/ml) in the presence of rIL-2 (10 UW/ml)
in complete medium for 3 days for the proliferation assay (B). A con-
wrol culture consisting of CD4+ T cells, feeder cells and rIL-2 (10 U/ml)
resulted in a [*H] thymidine incorporation of 160 % 19 cpm1. The results
are expressed as the mean of stimulation index & S.EM. from five to
six mice per group and from a total of three experiments,

3.2, Ag-specific mucosal IgA immune responses induced
by the co-administration of mStxI or StxI-B as a mucosal
adjuvant

It is important to note that nasal co-administration of
mSix1 or Stx1-B supported the induction of OVA-specific
IgA Ab responses in mucosal secretions. Thus, nasal im-
munization with OVA and an optimal dose of mStx1 re-
sulted in the induction of antigen-specific IgA Abs in saliva
and nasal washes (Fig. 3A). Furthermore, co-administered
Stx1-B also induced the secretion of OVA-specific IgA anti-
bodies in saliva and nasal washes. In contrast, IgA Abs were
not induced in mice by nasal immunization with OVA alone

(Fig. 3A). Analysis of antigen-specific AFC further demon-
strated that nasally co-administered mStx1 or Stx1-B sup-
ported the induction of OVA-specific IgA AFC in nasal pas-
sages and salivary glands (Fig. 3B). These findings further
support the notion that the nontoxic Stx1 derivatives possess
mucosal adjuvanticity for the generation of antigen-specific
mucosal IgA responses following nasal administration.

3.3. Non-toxic Stx1-derivatives induced OVA-specific
CD4% T cell responses

When CD4% T cells from spleen and CLN of mice
nasally - immunized with OVA plus mStx]1 or Stx1-B
were restimulated with the antigen in vitro, the levels
of OVA-specific proliferative responses were increased
(Fig. 2B). Antigen-specific CD4* T cell responses were the
highest in mice nasally immunized with OVA and Stx]-B,
and next highest in those immunized with OVA and mStx1.
In contrast, there was virtually no Ag-specific prolifera-
tion in CD4* T cells isolated from mice given OVA alone
(Fig. 2B). These results suggest that Stx1-B and mStx1
are potential adjuvants for the induction of antigen-specific
CD4t T cells in both mucosal (e.g., CLN) and systemic
(e.g., spleen) tissues,

In the subsequent experiment, the production of IL-4,
IL-5, IL-6, IL-10 and IFN-y production by antigen-specific
CD4* T cells was analyzed at the protein level (Fig. 4).
Increased levels of IL-4, IL-5, IL-6 and IL-10 production
with low IFN-y were seen in OVA-stimulated CD4* T cell
cultures prepared from CLN and spleen of mice nasally
immunized with OVA plus Stx1-B. Similarly, CD4t T
cells isolated from mice nasally immunized with OVA. and
mStx] also resulted in the induction of IL-4, IL.-5, IL-6 and
IL-10 production. Mice co-administered with Stx1-B always
showed higher levels of Th2-type cytokine production than
did those co-administered with mStx1. Splenic and CLN
CD4™ T cells from mice given OVA alone produced neither
IL-4 nor IL-5, and only minimal amounts of IL-6 and IL-10.
Taken together, these results show that nasal administration
of OVA plus Stx1-B or mStx1 as mucosal adjuvant induced
antigen-specific Th2-type cytokine responses which in turn
led to the generation of OVA-specific mucosal IgA as well
as predominant serum IgGl Ab responses.

3.4. Up-regulation of co-stimulatory molecules and CD40
on NALT DCs following nasal application of Stx1-B or
mStxl

To examine whether the increased Ag-specific Th cell
and B cell responses seen in these nasally immunized mice
were associated with NALT DC activation, we next an-
alyzed the expression of costimulatory molecules, MHC
class II and CD40 on NALT DCs by flow cytometry 24h
after nasal administration of naive mice with Stxt-B or
mStx1 (Fig. 5). Approximately 65-75% of NALT DCs iso-
lated from non-treated mice constitutively expressed the
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Fig. 3. Mucosal adjuvant activity of Stx1 derivatives for the enhancement of Ag-specific IgA responses. Induction of OVA-specific mucosal Iga Ab
responses in saliva and nasal washes (A) and of OVA-specific [gA AFCs in salivary glands and nasal passages (B) of mice nasally immunized with OVA
and mStx1 or Six1-B was examined. Groups of mice were nasally immunized with OVA plus 0.5 pg of Stx] mutant (dotted bar), 5 ng of Stx1-B (black
bar} or OVA alone {white bar). External secretions were collected at day 21 and examined for OVA-specific IgA Ab responses by ELISA. Mononuclear
cells were isolated from salivary glands and nasal passages of nasally immunized mice at day 21 and examined for OVA-specific IgA AFCs by ELISPOT.
The results are expressed as the mean + S.E.M. from five to six mice per group and from a total of three experiments.

co-stimulatory molecules CD80 and CD86 (Fig. 5). Fur-
ther, most of these NALT DC expressed MHC class II (data
not shown), with approximately 55% of cells positive for
CD40. Following nasal administration of mStx1 or Stx1-B,
the levels of CD80, CD86, and CD40 expression on NALT
DCs were increased. These findings suggest that nasally
co-administered mStx1 and Stx1-B trigger partially activated
NALT DC to fully activate,

4. Discussion

In this study, we have assessed a mutant form of Stxl
(E167Q & R170L; mStx1) and the B subunit of Stxl
(Stx1-B) as possible mucosal adjuvants for the induction of

antigen-specific mucosal and systemic immune responses.
Nasal co-administration of non-toxic Stx1-B or mStx1 as
mucosal adjuvant induced high levels of mucosal anti-OVA
IgA as well as serum IgG anti-OVA Ab responses. These
two distinct forms of non-toxic Stx1 derivative prefer-
entially induced antigen-specific Th2-type CD4t T cells
which in turn generated OVA-specific IgG1 and IgA anti-
bodies in the systemic and mucosal compartments, respec-
tively, Our finding that mStx! and Stx1-B enhanced CDR0,
CD86 and CD40 expression on NALT DCs also supports
the mucosal adjuvanticity of these two forms of non-toxic
Stx1 derivative for the induction of antigen-specific immune
TESPONSEes.

If practical application of the mucosal adjuvanticity of
these two forms of non-toxic Stx1 derivative is to be realized,
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Fig. 4. Analysis of Thl (IFN-y) and Th2 (IL-4, IL-5, IL-6 and IL-10) cytokine synthesis by antigen-specific CD4+ T cells isolated from mice nasally
immunized with OVA and Stx1 derivative. CD4* T cells were isolated from CLN and spleen of mice nasally immunized with OVA plus 0.5 pg of mStx]
(dotted bar), 5p.g of Stx1-B (black bar) or OVA alone (white bar). Purified splenic CD4* T cells were co-cultured at a density of 2 x 108 celis/ml with
Img/mt of OVA, T cell-depleted, irradiated splenic feeder cells (4 x 106 cells/ml) for 5 days. Culture supernatants were harvested and then analyzed
for cytokine secretion using the IFN-y-, IL-4-, IL-5-, IL-6- and IL-10-specific ELISA. The results are expressed as the mean + S.E.M. from five to six
mice per group and from a total of three experiments. * P < 0,05 when compared with mice immunized with OVA alone.

safety must be made a priority. The non-toxicity of these
Stx1 derivatives had already been previously demonstrated
by us both in vitro and in vivo studies. [18,28]. For exam-
ple, our recent results showed that both native Stx1 (nStx1)
and native Stx2 (nStx2) but not Stx1-B induced apoptosis in
human monocytic THP-1 cells of eukaryotic cells [29]. An-
other our recent studies also suggested that nStx1 and nStx2
induced apoptosis in murine bone marrow (BM) cultures
while both mStx1 and Stx1-B supported maturation and ac-
tivation of DC from BM cultures (our unpublished data). As
described above in Section 3, nStx] possessed some nasal
adjuvant activity at a dosage of 0.5 pg but proved lethal at
higher doses (e.g., 2 pg). Moreover, mice given as little as
0.1 g of nStx2 did not survive (data not shown). In contrast,
all mice given a dose as high as 20 pg of mStx1 or S1x1-B
as mucosal adjuvant survived and exhibited high levels of
co-administered antigen-specific systemic IgG and mucosal
IgA responses. Further, mice given doses as high as 20 pg
of mStx1 or Stx1-B showed no sign (e.g., weight loss) of
mucosal toxicity (data not shown). These findings further
demonstrated the non-toxicity of mStx1 and Stx1-B as mu-
cosal adjuvants.

When given nasally, mStx1 and Stx1-B supported the gen-
eration of antigen-specific CD4+ Th2 type responses via the
production of IL-4, JL-5, IL-6 and IL-10 and thereby en-
hanced Ag-specific serum IgG1 and mucosal IgA responses
(Figs. 1 and 3). Based on these results, both of these nasally
delivered non-toxic derivatives of Stxl could be catego-
rized as Th2 inducer type adjuvants. Although the exact
mechanism by which these non-toxic Stx1 derivatives in-
duce Th2-type T cell responses remains to be elucidated,
it is interesting to note that such Th2-type T cell responses
are also preferentially induced by oral or nasal administra-
tion of CT [4,30]. One obvious explanation would be that
the tendency of a toxin-related adjuvant to favor Thl and/or
Th2 cell-mediated immune responses would be affected by
the quality of antigen-presenting cells associated with mu-
cosal compartments. For example, mucosally administered
CT preferentially enhances B7-2-mediated Ag presentation
by B cells and/or macrophages [31,32]. To this end, Thl or
Th2 polarizing factors could be mainly classified into three
categories: (1) the anatomical and histologica! location of
DC and T cells, (2) the nature of microbial products (ad-
juvant) and (3) the nature of the antigen used for the im-
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Fig. 5. Enhancement of CD40, CD80 and CD36 expressions on mucosal DC by nasal administration of non-toxic Stx1 derivatives. 24h following nasal
administration of an optimal dose of the Stx1 derivatives (0.5 p.g of mStxl/mouse and 5 pg of Stx1-B/mouse), DC were examined by FACS 1o determine
any alterations in CD40, CD80 and CD86 expression, The dotted line gives the background stain, omitting only the mAb used in the specific stain.
Data are expressed as the mean £ S.E.M. and are obtained from a total of three independent experiments, * P < 0.05 when compared with control mice

administered with PBS,

munization. For instance, the major T cell population in
the lungs has been shown to be predominantly of the Th2
type [33], and Peyer’s patches has been shown to be a site
in which a high proportion of resting lymphocytes prefen-
tially develop into Th2-type cells [34). DCs in PP possess
the ability to induce the differentiation of CD4* T cells into
the Th2 pathway [35]. Thus, NALT DCs may also possess
a similar ability to guide CD4* T cells to differentiate into
Th2-type cells. Our data demonstrate that the expression of
both CD80 and CD86 was enhanced on DC isolated from
NALT of mice nasally administered with mStx1 or Stx1-B

(Fig. 5). This pattern of co-stimulatory molecule expression
suggests that mStx1- or Stx1-B-treated DC possess at least
a capability for supporting Th2 type responses. Since PP,
which along with NALT are the best- characterized mucosal
inductive tissues, have been shown to contain three distinct
subsets of DC including lymphoid, myeloid and double neg-
ative subsets [35], it is important to carefully examine the
influence of the nasally administered Stx1 derivatives on
different subsets of NALT DC and to determine the role of
that influence in the creation of an environment conducive
to Th2-type cell responses. To understand the importance of



M, Ohmura-Hoshino et al./Vaccine 22 (2004) 3751-3761 3759

the nature of the microbial compounds, one need only note
that toxins such as CT and pertussis toxin have been shown
to induce the development of DC type2 [36] and DC typel
[37], respectively, for the generation of Th2 and Th1 polar-
ization, respectively [6,38]. In contrast, LT has been shown
to support both Thl- and Th2-type responses [7]. Finally,
the nature of the co-administered antigen itself may con-
tribute to outcome of Th1 and/or Th2 polartzation. Although
CT is reported to be a potent Th2-inducing adjuvant, nasal
vaccination with fimbriae and CT induced both Ag-specific
Th1/Th2-type responses in CD4* T cells in mucosal effec-
tor tissues [39], while co-administration of tetanus toxoid or
OVA resulted in the generation of antigen-specific Th2-type
responses [30]. We still do not fully understand the exact
molecular/cellular mechanisms by which nasal administra-
ticn of Stx derivatives enhances Th2-type responses. How-
ever, given the promise and potency of non-toxic Stx deriva-
tives as mucosal adjuvants, we are vigorously pursuing the
elucidation of these mechanisms.

It is interesting to note that Stx1-B possessed a mucosal
adjuvant activity equally as good as that of mStxI, Since
Stx1-B binds to the Gb cell surface receptor, the signaling
pathways through Gb3 may have immunomodulating activi-
ties. In this regard, it is well known that CT-B binds to GM1
ganglioside [40]. Further, other studies have demonstrated
that GM1-mediated signaling enhances endocytosis as well
as antigen presentation of APC including macrophages and
DC. Further, glycosphingolipids such as GM1 have also been
implicated as a delivery site for immune-enhancing signals
[41]. This contention is supported by findings that rCT-B
provides some mucosal adjuvant activity when given nasally
[42,43]. Taken together, these findings suggest that interac-
tions between Stx1-B and Gb3, like those between CT-B
and GM1, may enhance immune responses. However, other
studies including ours have reported that rCT-B does not ap-
pear to be as effective as the native form (e.g., holotoxin) in
enhancing antigen-specific immune responses [30,44], Thus,
in general higher doses of rCT-B than of the native form have
been used to demonstrate mucosal adjuvant activity [42,43].
Taken together, these previous studies along together with
our results suggest that the immunomedulating activities in-
duced by Stx1-B/Gb3 interactions may be much higher than
those induced by CT-B/GM1 interactions. Studies are un-
derway to elucidate this interesting possibility.

The results of this study have also shown that the admin-
istration of mStx1 harboring two mutations at the active site
of RNA N-glycosidase activity fostered some adjuvant ac-
tivity. High levels of serum Ag-specific IgG Ab and mucosal
IgA Ab responses were induced in mice nasally immunized
with OVA and mStx1. In order to develop a safe mucosal
immunoenhancer, one that is non-toxic but retains adjuvan-
ticity, a number of non-toxic mutant derivatives of CT or
LT have been developed and characterized [25,30,32,45].
Early studies have suggested that ADP-ribosyltransferase
activity is essential for the adjuvanticity of both LT and
CT [44]. However, single amino acid-substituted mutants of

CT S61F, E112K [25,30], P106S, S63K [46] and LT R7K
[47], S63K [48], AT2R [49] and R192G [50], which lack
ADP-ribosyltransferase activity, were shown nevertheless to
retain their adjuvanticity. Our results here support the latter
group of findings by suggesting that toxic and adjuvant ac-
tivities are separated from each other in the enzyme activity
cleft of the bacterial toxins, including Stxs, CT and LT.

In the past, several different non-toxic mutant derivatives

.of CT or LT have been developed and characterized for their

adjuvanticity [25,30,32,45). In our separate study, it was
shown that mutant CT (mCT of E112K and $61F) possessed
adjuvanticity for supporting Th2 mediated IgA antibody re-
sponses [25,30]. Since these different forms of mutant CT
and LT retain their adjuvanticity, we could consider to use
one of these different forms of mutant CT and LT as a gold
standard for mStx1 and S5tx1-B. However, we have to real-
ize the fact that Stx1 is completely different toxin molecule
when compared with CT and LT in terms of biological ac-
tivity and primary structure. For example, Stx has RNA
N-glycosidase activity and cleaves a specific N-glycosidic
bond in the 28S rRNA, thereby inhibiting the peptide chain
elongation step of protein synthesis and ultimately causing
cell death [51]. On the other hand, CT catalyzes ADP ri-
bosylation of the G protein, Gsa which activates adenylate
cyclase, resulting in elevation of intracellular cAMP levels,
which causes secretion of water and chloride ions from ep-
ithelial cells into the small intestine [40]. The eukaryotic
cell surface receptors for the members of Stx and CT fami-
lies are globotriaosylceramide and GM1 ganglioside, respec-
tively [40,51)]. Thus, it might not be appropriate to compare
Stx1 type and CT (or LT) type toxin-based adjuvants.

It has been suggested that the dose of adjuvant used
for immunization can influence the adjuvant activity [52].
Thus, a simple notion is that adjuvanticity of manipu-
lated toxin-based molecules can be demonstrated for every
toxin-based adjuvant by increasing dose used for immu-
nization. In the case of Stxl derivatives, when a dose of
0.5 pg was employed for both Stx1-B and mStx1, the levels
of serum Ag-specific Ab responses in Stx1-B-treated mice
were lower than those seen in mStx1-treated groups (data
not shown). However, the titer of Ag-specific Ab responses
in Stx1-B-treated group was elevated in accordance to the
increase of dose used (e.g., 5 pg) (data not shown). The
adjuvanticity of mStx1 reached to plateau level at the dose
of more than 0.5 png (data not shown). Our data at least
suggested that the dose effect of adjuvanticity was most
obvious for Stx1-B when compared with that of mStx1,
Inas much as a major purpose of our present study was to
elucidate mucosal adjuvant activity of Stx1 derivatives in-
cluding Stx1-B and mStx1, the optimal dose for these two
molecules (5 and 0.5 pg, respectively) were determined and
then employed for this study. Based on the present finding,
our next goal is to determine the exact molecular mech-
anisms involved in mStx1 and Stx1-B mediated adjuvant
activities, To investigate the differences between the mech-
anisms of adjuvanticity of mStx1 and Stx1-B, one possible
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and interesting experiment would be to compare the in-
duction and regulation of Th2 associated signaling events
including GATA-3, c-maf or SLAT by mStx1 or Stx1-B
since our result suggested that both Stx1-based adjuvants
resulted in the induction of Th2 cell associated Ag-specific
IgG1 and IgA responses {Figs. 1 and 3). To this end it has
been shown that these signaling molecules are specifically
associated with the Th2 cell differentiation [53,54].

In summary, this study has shown that nasal immunization
with protein Ag plus mStx1 or Stx1-B as mucosal adjuvant
elicits Ag-specific CD4* Th2 cells in both mucosal and sys-
temic tissues, and these cells in turn induce antigen-specific
IgA and IgG Ab responses in the mucosal and systemic com-
partments, respectively. Non-toxic Stx derivatives could then
be considered as new and promising candidates for mucosal
adjuvants,
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