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of AlD-expressing cells in both TALT and NALT (Fig. 6.
G, and H). Furthermore, RT-PCR analysis confirmed Aid
expression in TALT and NALT but not in the nasal passage
(NP; Fig. 6 I). Therefore. after ocular immunization with
CT, increased numbers of IgA"B220~ plasma cells were de-
tected in the diffuse region of the tear duct (Fig. 6, J and K.
An ELISPOT assay confirmed that some of these IgA*B2207
plasma cells produced CT-specific IgA; cells producing IgA
specific for the B subunit of CT (CT-B), but not IgG-form-

HELR-1 WGA

ing cells, were found in single-cell preparations from the tear
ducts of mice ocularly immunized with CT (Fig. 6 L and not
depicted). In addition, the production of CT-B—specific
IgG-forming cells was induced in the spleen by ocular im-
munization with CT (Fig. 6 M). Naive mice did not show
any CT-B-specific Ig-producing cells (Fig. 6 N).

In addition, we found a high frequency of CT-B-specific
CD4" T cells in TALT using an MHC tetramer, consistent
with the induction of antigen-specific antibody-producing

Figure 5. TALT is the site of ocular antigen uptake. (A} A confocal micrograph of TALT shows the presence of NKM16-2-4* UEA-1+* M cells {arrows;
1 = 3 mice). Bar, 20 um. (B and C) TALT-FAF was analyzed by scanning electron microscopy (B) and transmission electron microscopy (C). White and red
arrows indicate M cells with the unique characteristics of microvilli and pocket lymphocytes, respectively (n = 5 mice/group). Bars, 3 um. (D and E} Mice
were given GFP-expressing Salmonelia by eye drops. After 30 min, TALT was isolated and examined with confocal microscopy. Arrows in D and E point,
respectively, to Salmonella captured by UEA-1+ M cells and CD11¢* DCs in TALT {n = 3 micefgroup). Bars, 10 pm. {F) Mice were given F. aeruginosa PAO-1
by eye drops. After 30 min, TALT was isolated and examined with confocal microscopy. A large number of P aeruginoso PAQ-1 were found inside the TALT
{n = 3 mice). Rar, 10 um. () As a negative control for F, TALT from mice given PBS by eye drops were analyzed (n = 3 mice). Bar, 50 um. (H) Mice were
given P aeruginosa PAQ-1 by eye drops twice at an interval of 1 wk. 1 wk after the second administration, TALT was isolated and examined with confocal
microscopy. GC formation was induced by ocular administration of P oeruginosa PAO-1 {(n = 3 mice). Bar, 50 um. {I) TALT from a control naive mouse is
shown. GCs did not form in naive TALT. These data are representative of at least two independent experiments per group (n = 3 mice). Bar, 50 um.
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cells after CT immunization (Fig. 7 A). It is important to CD4" T cells were detected in NALT and draining I Ns, such
note that the CT-B tetramer—reactive CID4% T cells included as the cervical and submandibular LNs, but at a lower fre-
CXCR5* T follicular helper cells (Fig. 7 B). CT-B-specific quency than in TALT (Fig. 7. A and B). Thus, it is plausible

Naive CT immunization

CT immunization
DAPI DAPI

Figure 6. Induction of antigen-specific 1gA responses through TALT. {A and B} Naive mice do not form GCs {n = 3 mice). (C and D) Mice were
given CT by eye drops three times at 1-wk intervals. 1 wk after the last administration, TALT was isolated and examined with confocal microscopy. The
CT challenge induced GC formation in TALT {C and D) and NALT (E and F; n = 3 mice/group). Tissues were stained with PNA (A, C, and E) or for FDCs

{B, D, and F). (G and H) AID expression in TALT (G) and NALT {H) was detected in mice ocutarly immunized with CT {n = 3 mice/group). (1) RT-PCR analysis
of Aid expression in TALT, NALT, and NPs of mice given ocular CT {n = 3 mice/group). (J and K) Distribution of IgA~B220~ plasma cells in tear ducts was
examined with confocal microscopy. K is a magnified view of the box in J. CT chalienge by eye drops induced the appearance of a large number of
plasma celis in the tear duct compartment {n = 3 mice/group). (L-N) ELISPQT analysis for the detection of CT-B-specific IgA-producing cells in tear
ducts {U) and CT-B-specific IgG-producing cells in spleens (M). Data obtained from control naive mice are shown in N. These data are representative of
at least two independent experiments (n = 4 micefgroup). Bars, 50 um.
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that TALT is the main gateway and inductive site for the ini-
tiation of antigen-specific T and B cell responses against ocu-
latly encountered antigens. Collectively, these observations
indicate that TALT is an important member of the MALT
family. It has a lymphoid structure that is organized as an in-
ductive site for antigen uptake and the initiation of antigen-
specific mucosal immune responses with GC formation and
Ig class switching, as well as the generation of antigen-spe-
cific CD4* T cells.

DISCUSSION

Our purpose was to investigate the developmental features
of TALT and to reveal the immunological importance of
this tissue in immune surveillance for mucosal immunity.
We found that the molecular requirements of TALT organo-
genesis were quite different from those of other secondary
lymphoid organs. For example, the initiation of TALT or-
ganogenesis is independent of the IL-7R— and LTBR-NIK~
mediated tissue genesis pathways, and thus, its structure was
preserved in mice lacking other secondary lymphoid organs,
such as [I-7ra™/", Lta™’", and aly/aly mice (Table I). Fur-
thermore, the TNF-related activation-induced cytokine
(TRANCE)~mediated pathway, which is involved in pLN
development (Kong et al., 1999), was dispensable for TALT
genesis. Thus, the TALT structure was found in Trance™ "~
mice and in mice null for its signal transducer, TNF recep-
tor—associated factor (TRAF) 6 (Fig. S5). However, these
mice lacking secondary lymphoid organs (e.g., II-7ra™/",
Lta™’~, and aly/aly mice) had smaller TALT volumes than
were found in WT mice. LTBR-NIK—mediated signals induce
the production of lymphoid chemokines such as CXCL13,
CCL19, and CCL21, and adhesion molecules, including
VCAM-1 and PNAd (Dejardin et al., 2002; Browning et al.,

2005). The immature formation of TALT in mice deticient
in LT PR -associated molecules can therefore be explained by
the lack of lymphoid chemokines and adhesion molecules in-
volved in leukocyte migration. In support of this, the extent
of the TALT in Cxd 13~/ plt/plt mice was smaller than that
in Cxcd137/" and plt/plt single- or double-mutant 1nice, as
well as in WT mice. However, accumulation of some B lym-
phocytes was seen in these mutant mice (Fig. S3). Thus,
we cannot eliminate the possibility that the migration stage
of B lymphocytes may also operate independently of the
LTBR-NIK pathway for TALT genesis.

One of the important findings of our study is that TALT
genesis occurs in both Id27/~ and Roryt™'~ mice. TALT gen-
esis takes place normally in Roryt™/~ mice despite the fact that
CD3~CD4*CDA45* LTi cells, and as a consequence PPs and
pLNs, are totally absent in these mice (Sun et al., 2000; Eberl
et al., 2004). In addition, 1d2 is the key transcriptional regula-
tor for the induction and differentiation of CD3~CD4*CD45*
LTi cells (Yokota et al., 1999). Id2~/~ mice do not develop
any form of secondary lymphoid tissues, including pLNs, PPs,
or NALT (Yokota et al., 1999; Fukuyama et al., 2002). How-
ever, TALT development is Id2 and RORyt independent
(Table I). We still found that CD3~CD4*CD45* cells, which
we hypothesize to be TALT inducer cells, existed at TALT
anlagen in both Id27/" and Roryt™’~ mice, and we revealed
that CD3~CD4*CD45" cells isolated from TALT anlagen did
not express either 1d2 or Roryt. A recent study showed that
omental milky spots developed in the absence of LTi cells
(Rangel-Moreno et al., 2009). Omental milky spots were
found in Id277~ and Roryt™ /" mice. However, this tissue de-
velopment required the lymphoid chemokine CXCL13. Be-
cause the initiation of TALT development is independent of
CXCL13, omental milky spots and TALT use different tissue

A TALT NALT DLNs Naive Control
3.46% . VO.QQ% 0.41% 0.02%

- e Lo

[}

O

CT-B Tetramer (TCRB* Fraction)

B TALT NALT DLNs Naive Control

0.96% 0.61% 0.44% 0.06%

CXCR5

CT-B Tetrame? (CD4* Fraction)

Figure 7.

Induction of antigen-specific CD4* T cell responses in TALT after ocular immunization. (A and B} FACS analysis of CT-B tetramer-

positive cells in tymphocytes isolated from TALT, NALT, and draining LNs {DLNs; cervical and submandibular LNs) of CT-immunized or naive mice. Data
from TCRB~ (A} and CD4+ (B} populations are shown. TALT preferentially responded to ocular administration of CT and generated CT-B-specific CD4+
T cells, including CXCR5* T follicular helper celis. These data are representative of at least two independent experiments (n = 4 micefgroup).
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Table I.  Distinct molecular features for organogenesis of different MALTs

Mice TALY NALT PP CLN MLN ILF Cryptopatch References
ld2—1- ++ - - - - ND ND *1
Roryt=/- ot 4+ - - - - +/— 2
Lta~/- + + - - - ~ +- *3
aly/aly + + - - — — ++ *4
H-7ra—H ++ ++ - = ++ ++ - *5
Cxel13-1- ++ + - +f~ ++ ND ND *6
plt/pit +4+ ++ ++ ++ ++ ND ND *7
Cxcl13-/~plt/plt + + +f— - ++ ND ND *8

CLN, cervical LN; MUN, mesenteric LN. +++, developed well; ++, developed with decreased number of lymphocytes; +, developed with few number of lymphocytes; —, absent;
+/—, present or absent, depends on individual. *1, Yokota et al,, 1999; Fukuyama et al,, 2002; Boos et al., 2007; 2, Sun et al, 2000; Harmsen et al.,, 2002; Eber! and Littman,
2004; Eberl et al,, 2004; Naito et al., 2008; Tsuji et al.,, 2008; "3, De Togni et al, 1994; Banks et al.,, 1995; Suzuki et al,, 2000; Fukuyama et al., 2002; Hamada et al., 2002;
Harmsen et al., 2002; Taylor et al,, 2004; *4, Kanamori et al., 1996; Shinkura et al., 1989; Fukuyama et al., 2002; Hamada et al., 2002; *5, Peschon et al., 1994; Kanamori et al.,
1996; Adachi et al., 1998b; Fukuyama et al., 2002; Hamada et al., 2002; Luther et al, 2003; *6, Ansel et al,, 2000; Rangei-Mareno et al,, 2005; Fukuyama et al., 2006; 7,
Nakano et al,, 1397; Rangel-Moreno et al,, 2005; Fukuyama et al., 2006; and "8, Luther et al,, 2003; Rangel-Moreno et al,, 2005; Fukuyama et al., 2006.

genesis mechanisms. The organogenesis of secondary lymphoid
tissues has been shown to require several processes, including
the trafficking/accumulation of LTi cells, the differentiation/
activation of specialized stromal cells, and the trafficking/ac-
cumulation of conventional lymphocytes (Mebius, 2003). In
this light, the genesis of these tissues can be separated into at
least two phases, initiation and maturation; in other words, the
migration of LT1 cells and lymphocytes, respectively, to the
tissue development site. Our results indicate that the initiation
of TALT genesis operates independently of the requirement
for the classical tissue genesis—associated signaling cascade of
IL-7R/LTBR-NIK because leukocytes. including B lympho-
cyte, already migrated to TALT without this pathway. Fur-
ther, the unique CD37CD4*CD45* cells develop without a
requirement for the LTi cell-associated transcriptional regula-
tors Id2 and RORyt, and are identified as the first hematopoi-
etic cell population that migrates to the TALT anlagen. To
directly address the critical role of Id2- and ROR yt-indepen-
dent CD3~CD4*CD45" cells (or TALT inducer cells) in the
initiation of TALT genesis, our efforts are now directed to-
ward finding and/or developing TALT-deficient mice for the
necessary adoptive transfer experiment.

TALT organogenesis occurs after birth, as does NALT
genesis (Fukuyama et al., 2002). In contrast, PPs and pLNs
are initially generated during the embryonic period (Mebius,
2003). These findings suggest that secondary lymphoid tis-
sue genesis can be chronologically separated into two cate-
gories: a prenatal group (PPs and pLNs) and a postnatal
group (TALT and NALT). However, initiation of genesis
of all of these tissues, including TALT, occurs independently
of microbial stimuli.

Ocular surface antigens are taken up by NALT, and
NALT might function as an inductive site for tear IgA pro-
duction (Ridley Lathers et al., 1998). However, our findings
suggest that TALT is a key inductive tissue for immune
responses, because TALT is a more important site for the
generation of antigen-specific T cells than NALT and, thus.
contributes to mucosal immune responses against ocularly

JEM

encountered antigens. In support of this suggestion, our study
showed the presence of a mucosal gateway population of
M cells in TALT that is capable of taking up ocularly adminis-
tered bacterial antigens (e.g., Salmonella). Ocular infection
with P. aeruginosa causes comneal ulcers and sometimes loss of
vision (Liesegang, 1998), and we found P. aermginosa given by
ocular challenge within TALT, leading to the subsequent
formation of GCs. These findings indicate that TALT plays
an important role in ocular immune surveillance and protec-
tion, providing the first line of defense of the host’s eyesight;
we can therefore expect it to be equivalent in its capacity for
immunosurveillance to the other well-known mucosal in-
ductive tissues in the aerodigestive tract, NALT and PPs.

The lacrimal glands are effector sites for IgA production
because their tissue contains large numbers of IgA-producing
cells (Sullivan and Allansmith, 1984; Peppard and Montgomery,
1987; Saitoh-Inagawa, 2000). We also found that a large
number of IgA*B220™ plasma cells were distributed around
the diffuse tissues of the NPs and in the tear duct in response
to CT immunization via eye drops. Thus, TALT and various
tissues of the tear duct are responsible for ocular immunity as
inductive and effector sites, respectively.

In summary, our results demonstrated the presence of
mouse TALT, providing the first definitive evidence for
the existence of Id2-, RORyt-, and LTRR-independent
lymphoid tissue genesis. In addition, TALT was shown to
play an important role in the induction of antigen-specific
immune responses and to function in immune surveillance
in ocular immunity.

MATERIALS AND METHODS

Mice. C57BL/6 and BALB/c mice were purchased from Japan SLC; germ-
free and aly/aly mice were purchased from CLEA Japan; and Lia™/'",
Igh6~=/~, Tef3~/", and Tad ™'~ mice were purchased from the Jackson Labo-
ratory. Il-7ra™’" mice were provided by Immunex Corp., and were also
purchased from the Jackson Laboratory. Id27/7, Roryt™'", Cxd137'",
Ti27~, Tir4™/~, MyD88™ /", Cxd13™'"plt/plt, Trance™’", and Tiaf6™ '~
mice were generated as previously described (Adachi et al., 1998a; Hoshino
et al., 1999; Kong et al., 1999; Natto et al., 1999; Takeuchi et al., 1999;
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Yokota et al., 1999; Kurebayashi et al., 2000; Ebisuno et al., 2003; Fukuyama
et al., 2006). Animal experiments were conducted in accordance with the
guidelines of and with permission provided by the Animal Care and Use
Committee of the University of Tokyo.

Histological analysis. Histological analysis was performed as previously de-
scribed (Fukuyama et al., 2002). The antibodies and lectins used tor confocal
microscopy analysis were as follows: FITC~ or PE-anti-CD11c (HL3; BD),
FITC-anti-CD3s (145-2C11; BD), FITC-anti-IgA (C10-3; BD), PE-anti-
B220 (RA3-6B2; BD), PE-ani-CD45 (30-Fil; BD), PE~ or APC-anti-
CD4 (RM4-5; BD), FITC-anu-TCRP (H57-597; BD), PE-anti-CXCR5
(2G8; BD), rabbit polyclonal anti-AID (H-80; Santa Cruz Biotechnology,
Inc.), purified anti-FDC (FDC-M1; BD), purified anti-PNAd (MECA 79;
BD), biotinylated anti-MAdCAM-1 (MECA-89; BD), biotinylated anti-
VCAM-1 (429; BD), biotinylated peanut agglutinin (PNA; Vector Laborato-
ries), thodamine~UEA-1 (Vector Laboratories), Alexa Fluor 633~wheat germ
agglutinin (Invitrogen), and FITC-NKM16-2-4 (Nochi et al., 2007). To vi-
sualize AID, FDC, MAdCAM-1, VCAM-1, PNAd, and PNA, FITC-anti~
rabbit 1gG (Santa Cruz Biotechnology, Inc.), FITC-anti-rat Ig k chain
(MRX-1; BD)}, FITC-anti-rat IgM (G53-238; BD), streptavidin-FITC (BD),
and streptavidin-PE (eBioscience) were used as secondary antibodies or re-
agents. In some experiments, tissues were counterstained with DAPI (Sigma-
Aldrich) to visualize the nucleus. P. aeruginosa PAO1 was detected with a
rabbit polyclonal antibody specific for the bacterium (Abcam), followed by
staining with FITC-anti—rabbit IgG (Santa Cruz Biotechnology, Inc.).

Ocular administration of bacteria. GFP-Salmonella (Jang et al., 2004) and
P. aeruginosa PAO1 (Parks and Hobden, 2005) were administered as ocular
antigens. After a 30~-min administration of GFP-Salmorella, the mouse’s ocu-
lar surface was washed with 100 pg/ml gentamycin. P. aeruginosa PAOL is
characterized by motility, biofilm formation, acyl-homoserine lactone pro-
duction, and virulence in a mouse infection model (Parks and Hobden,
2005). These bacteria were cultured in Luria broth medium atr 37°C for 18 h
and used for ocular administration, as previously described (Jang et al., 2004).
PAO1 was given twice with an interval of 1 wk (Hazlett et al., 2001).

Immunization and analysis of antigen-specific immune responses.
Mice were ocularly immunized with 1 ug CT per eye (Sigma-Aldrich) in
S ul PBS by eye drops three times at weekly intervals. Tissues or cells were
collected from the heads of the ocularly immunized mice 7 d atter the final
immunization. To characterize CT-specific antibody responses, a CT-B—
specific ELISPOT assay was used. In brief, 96-well plates (MultiScreen;
Millipore) were coated with 2 pg/ml CT-B in 100 pl PBS (pH 7.4) per
well for 16 h. The plates were washed three times with PBS and blocked
with 100 pl of RPMI 1640 supplemented with 10% FCS for 30 min. After
the blocking solution was discarded, 100 pl of cell suspension was applied
to the well (tear duct, 10* cells/well; spleen, 10° cells/well). After incuba-
tion for 4 h, the plates were washed three times with PBS, followed by
three washes with 0.1% Tween-PBS. The plates were incubated with
hosseradish peroxidase—conjugated anti-mouse IgA or IgG (1:1,000 dilu-
tion [vol/vol] in 0.1% Tween-PBS) for 16 h. After the plate had been
washed with PBS six times, antibody-producing cells were visualized with
AECB-500 and AECM-100 conjugate solutions (Moss, Inc.). Plates were
incubated for 30 min and washed with water. The plates were allowed to
dry, and spot pictures were taken with a microscope. To detect CT-B-spe-
cific T cells, a CT-B/I-A® tetramer was prepared and used for flow cyto-
metric analysis, as previously described (Chang et al., 2008).

Cell preparation and RT-PCR. CD3~CD4*CD45" cells were isolated
from mucosa-associated tissues as previously described (Fukuyama et al., 2006).
In some experiments, mononuclear cells were isolated from the TALT,
NALT, and NPs of immunized mice by mechanical dissociation (Fukuyama
et al., 2002). Total RNA was extracted for RT-PCR as previously described
(Shikina et al., 2004). The sequences of primers used were as follows: Id2,
(sense) 5 -TCTGAGCTTATGTCGAATGATAGC-3' and (anti-sense)
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5'-CACAGCATTCAGTAGGCTCGTGTC-3"; Roryl, (sense) 5'-ACCT-
CCACTGCCAGCTGTGTGCTGTC-3' and (anti-sense) 5'-TTGTTT-
CTGCACTTCTGCATGTAGACTGTCCC-3'; Gapdh, (sense) 5’ -TGAA~
CGGGAAGCTCACTGG-3' and (anti-sense) 5'-TCCACCACCCTGT-
TGCTGTA-3"; Aid, (sense) 5'-GGCTGAGGTTAGGGTTCCATCT-
CAG-3’ and (anti-sense) 5'-GAGGGAGTCAAGAAAGTCACGCTGGA-3';
and B-actin, (sense) 5'-TGGAATCCTGTGGCATCCATGAAA-3" and
(anti-sense) 5'-TAAAACGCAGCTCAGTAACAGTCC-3'".

Electron microscopy analysis. Electron microscopy was performed as
previously described (Jang et al., 2004). Head tissue containing the tear ducts
was prepared and fixed in a solution containing 0.5% glutaraldehyde, 4%
paraformaldehyde, and 0.1 M of sodium phosphate buffer (pH 7.6) on ice for
1 h. After washes with 4% sucrose in 0.1 M of phosphate buffer, the tissue
was decalcified with 2.5% EDTA solution for 5 d. After three washes, the
samples were fixed with 2% osmium tetraoxide on ice for 1 h and dehy-
drated with a series of ethanol gradients. For scanning electron microscopy,
dehydrated tissues were freeze embedded in -butyl alcohol and freeze dried,
and then coated with osmium and observed under a scanning electron
microscope (S-4200; Hitachi). For transmission electron microscopy, the
tissues were embedded in Epon 812 resin mixture, and ultrathin (70-nm)
sections were cut with an ultramicrotome (Reichert Ultracut N; Leica). The
ulerathin sections were stained with 2% uranyl acetate in 70% ethanol for
5 min at room temperature and then in Reynold’s lead for 5 min at room
temperature. Sections were analyzed with a transmission electron micro-
scope (H-7500; Hitachi).

Online supplemental material. Fig. S1 shows postnatal organogenesis of
TALT on BALB/c mice. Fig. S2 shows development of TALT in B cell~
or T cell-null mice and in TLR signaling—null conditions. Fig. S3 shows
the lymphoid structure of TALT in mice lacking molecules related to
lymphoid tissue genesis. Paraflinized sections were prepared from 8-wk-
old mice and stained with the indicated antibodies (PNAd and B220) for
confocal microscopy analysis. Arrows indicate PNAd-expressing HEVs.
Fig. S4 shows the absence of MAdCAM-1 in TALT and NALT. TALT
(A) and NALT (B) of 8-wk-old C57BL/6 mice were stained with DAPI
and an anti-MAdCAM-1 antibody, and confocal microscopy analysis was
performed. PPs of 10-d-old mice were analyzed as a positive control for
anti-MAJdCAM-1 antibody (C). Fig. S5 shows the independence of TALT
genesis in TRANCE-Traf6 signaling. TALT of 2-3-wk-old Trance-defi-
cient and Traf6, Terb double-deficient mice was analyzed histologically with
hematoxylin and eosin (HE) staining. Traf6*/~, Tab™’~ mice were examined
as a control. Online supplemental material is available at hup://www jem
.org/cgi/content/ full/jem.20091436/DC1.
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Abstract

Background: Allergic reactions to food can involve diarrhea,
vomiting, nausea and abnormal pain. PG102 has previously
been shown to control various factors involved in allergy
pathogenesis, including IgE and various Th1 and Th2 cyto-
kines, in vivo as well as in vitro [Park EJ, et al.: J Allergy Clin
Immunol 2005;116:1151-1157; Park EJ, et al.: J Invest Derma-
tol 2007;127:1154-1160]. These data indicate that PG102
might have antiallergic effects on allergic diarrhea. Here, we
investigated whether PG102 could prevent allergic diarrhea
in the murine ovalbumin (OVA)-induced allergic diarrhea
model. Methods: BALB/c mice were orally treated with
PG102, dexamethasone or water for 9 days on a daily basis,
followed by subcutaneous injection with OVA on day 0. Ani-
mals were orally administrated with OVA from day 7, 3 times
aweek, over a period of approximately 20 days. Incidence of
diarrhea, serum, OVA-restimulated splenocytes and lamina
propria lymphocytes were analyzed. Results: Oral adminis-

tration of PG102 could suppress the incidence of diarrhea in
a murine allergic diarrhea model. The amelioration of aller-
gic diarrhea by PG102 was accompanied with the inhibition
of mast cell infiltration into the large intestine. The serum
level of IgE, IL-6 and MCP-1 was decreased in PG102-treated
mice, When  splenocytes were. isolated from respective
groups. and ‘cultured in the presence of OVA, cells from
PG102-administrated animals produced lesser amounts of
ILl:6-and MCP-1. Conclusions: PG102 has the potential to be
used as a preventive for food allergic diseases.

Copyright © 2009 S, Karger AG, Basel

Introduction

Diarrhea is a representative intestinal allergic symp-
tom resulting from the abnormal absorption of nutrients
and water and/or the intestinal secretion of fluid by in-
flammatory responses [1]. Most common food allergies
are caused by IgE-mediated reactions to food, known as
type I hypersensitivity reactions [2-4]. In the susceptible
individual, allergens processed by antigen-presenting
cells promote the differentiation of naive T helper (ThO0)
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cells to Th2 phenotype and lead to the induction of an
isotype switching to IgE production in plasma cells {3, 4].
IgE can tightly bind to high-affinity receptors, FceRlI,
present on mast cells and basophils in the tissue and the
blood. Binding of the antigen to IgE cross-links these re-
ceptors, which provokes activation of the mast cells and
the basophils, resulting in the releases of preformed and
newly synthesized inflammatory molecules, such as his-
tamine, leukotrienes, cytokines and chemokines [1, 3].
Thereafter, the released mediators recruit more leuko-
cytes including eosinophils, mast cells, basophils and
Th2 lymphocytes to the site of the allergic inflammation.
These cells are major contributors to a chronic allergic
inflammation, triggering tissue damage [3, 4].

We previously found that PG102, a water-soluble ex-
tract from Actinidia arguta, commonly called hardy ki-
wifruit, modulates the level of IgE and Th1/Th2 cyto-
kines in in vitro cell culture systems as well as in 3 differ-
ent allergy models [5, 6, submitted]. It was subsequently
found that oral administration of PG102 could improve
asthma conditions in a murine model, probably by regu-
lating the level of IgE and IL-5 [7].In these experiments,
PG102 was orally administrated after [5]. or simultane-
ously with [6, 7} induction of the allergy. All these in vitro
and in vivo data strongly suggested that PG102 might be
an effective antiallergic agent for various allergic diseas-
es. In this study, a murine OVA-induced diarrhea model
was used for testing the preventive effects of PG102 on
food allergies. Our data indicated that oral administra-
tion reproducibly and effectively suppressed the inci-
dence of diarrhea. PG102 regulated various molecules re-
lated to allergic reactions, IgE, IL-6 and MCP-1 in the
serum, and IL-6, IL-10 and MCP-1 in ovalbumin (OVA)-
restimulated splenocytes. Furthermore, the recruitment
of mast cells into the large intestine was found to be in-
hibited in PG102-treated animals. These results suggest-
ed that oral administration of PG102 might be a useful
preventive and/or therapeutic for food allergies as well as
other allergic diseases such as dermatitis and asthma.

Material and Methods

Preparation of PG102

The hardy kiwifruits used in this study were purchased from
a company specializing in this fruit (Vital Berry Marketing SA,
Santiago, Chile). Total water-soluble extract of the dried fruits,
PG102T in our previous reports [5], has been named PG102 in this
study. PG102 was prepared from these hardy kiwifruits as de-
scribed previously [5]. Briefly, the dried fruits were extracted by
boiling in distilled water for 3 h. The extract was filtered with
Whatman filter paper (No. 2, 110 nm), and concentrated using a
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rotary evaporator, followed by a freeze-drying process. Powdered
PG102 was dissolved in distilled water at a concentration of 200
mg/mland stored at -80°C until use. The dry form of PG102 con-
tains 2.4% protein (as determined by semimicro-Kjeldahl meth-
od), 91.6% carbohydrate (by phenol-surfuric acid method), 182
1U/100 g vitamin A (by SbCI3 method) and 680 mg/100 g vitamin
C (by DNP method). Lipid was not detected, and acidity of PG102
was pH 7.4 as lactic acid. Al PG102 preparations contained unde-
tectable levels of Gram-negative bacterial endotoxin, as deter-
mined by the limulus amebocytes lysate assay (Cambrex, MM,
Md., USA). PG102 was also tested to be negative for heavy metals,
residual pesticides and microorganisms.

Bioassay for PG102

To determinate the biological activity of PG102, RBL-2H3
cells, a rat mast cell line, were plated at 2 X 10° cells/well ina 24-
well culture plate and grown in 0.5 ml MEM (Sigma, St. Louis,
Mo., USA) supplemented with 15% FBS (Gibco, Grand Island,
N.Y., USA) at 37°C under 5% CQO, for 6 h. Cells were treated with
various concentrations of PG102 for 30 min before stimulation
with 1 mM of A23187 (Sigma). Twelve hours later, the superna-
tants were taken to measure the level of IL-4 by ELISA (R&D Sys-
tems, Minneapolis, Minn., USA).

Murine Allergic Diarrhea Model

Female BALB/c mice (6 weeks old) were purchased from Ori-
entbio Inc. (Seongnam, Korea), bred under aseptic conditions in
facilities at Seoul National University, and acclimated for at least
1 week before use. All experimental procedures were performed
in compliance with the guidelines set by the University Animal
Care and Use Committee at Seoul National University. Two
groups.of mice were gastrically administered with PG102 (200
mg/kg/day) or dexamethasone (Dex; 2.5 mg/kg/day; Sigma) in
the volumie of 200 pl, from day -9 to day 26 (or to day 33, depend-
ing on the status of diarrhea induction), while another group of
mice-was fed with 200 .l of water alone. As another control, nor-
mal mice were fed with 200 pl of water without immunization.
The first 3:groups of mice were sensitized by subcutaneous injec-
tion with 1'mg OVA (Fraction V; Sigma) emulsified in 100 pl
complete Freund’s adjuvant (Sigma) on day 0. One week after sen-
sitization, mice were orally administered with 100 mg of OVA
dissolved in 300 wl of PBS, 3 times per week for 3 or 4 weeks, de-
pending on the experiments. Two hours following the last admin-
istration, the mice were sacrificed and sera, spleens as well as in-
testines were obtained [8, 9].

Isolation and Culturing of Splenocytes

Splenocytes: were prepared by the mechanical dissociation
method [9] and resuspended in RPMI-1640 (Sigma) containing
10% FBS (Gibco). Splenocytes were seeded:at 5 X 10° cells/ml/
well, and incubated with 100 pg/ml of OVA for 3:days [5, 6, 9].
Collected culture supernatants were used for the analysis of in-
flammatory mediators.

Measurement of Immunoglobulins, Cytokines and

Chemokines

The total level of IgE was determined using a mouse IgE detec-
tion kit (Shibayagi, Gunma, Japan). The level'of OVA-specific IgE
was measured by the sandwich ELISA method (BD Biosciences,
San Jose, Calif., USA; Pierce, Rockford, IlL., USA) as described by
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Hirano et al. [5, 6, 10]. The levels of IL-6, IL-10 and MCP-1 in the
serum and the restimulated splenocytes were measured by com-
mercially available ELISA kits (Pierce; R&D Systems).

Measurement of Mast Cell Infiltration into Large Intestine

Mononuclear cells were dissociated from the large intestines
using 0.5 mg/ml of collagenase (type IV; Sigma) and purified us-
ing a discontinuous Percoll gradient (Pharmacia, Uppsala, Swe-
den) as described by Kweon et al. [8, 9]. The separated cells were
pooled and labeled by the PE-conjugated anti-CD117 antibody
and the FITC-conjugated mouse IgE (BD Biosciences). The la-
beled cells were analyzed by flow cytometry analysis usinga FACS
caliber (BD Biosciences) [5, 8, 11].

Statistics

Data are presented as the means + SEM and evaluated by the
Student’s t test for unpaired samples. p < 0.05 was considered to
be statistically significant.

Results

Preparation of PG102 from A. arguta

A water-soluble extract, code-named PG102, was pre-
pared from A. arguta, as described previously [5]. PG102
has previously been shown to regulate the expression of
Th1 and Th2 cytokines as well as that of IgE [5, 6]. The
active compounds contributing to these properties have
not yet been precisely identified. To quantitatively per-
form experiments and also to obtain an experimental re-
agent in a consistent manner, reliable bioassay systems
have been developed. One such assay is the use of a cell
line together with IL-4 as a biomarker for the quality con-
trol of PG102. IL-4 plays key roles in the pathogenesis of
almost all allergies [4]. The rat mast cell line, RBL-2H3,
was treated with various concentrations of PG102, in the
presence of calcium ionophore, A23187. When cells were
treated with A23187, the level of IL-4 was highly increased
from the undetectable basal level. The production of IL-4
was inhibited by PG102 in a dose-dependent manner
(fig. 1). In all concentrations used in this assay, no cyto-
toxic effects were found. The ICs; value of PG102 used in
this study was 1.50 mg/ml. This method was used for the
quality control of experimental samples as well as the
study of the molecular mechanism underlying the effects
of PG102.

Oral Administration of PG102 Suppressed Antigen-

Specific Allergic Diarrhea

It was first examined whether oral administration of
PG102 could prevent food allergy conditions using mu-
rine OVA-induced allergic diarrhea model [8]. BALB/c
mice were sensitized once with OVA by subcutaneous in-

Antiallergic Effects of PG102 in the
Murine Allergic Diarrhea Model

1C50 = 1.50 mg/ml

IL-4 {ng/mi)

T
0 0.5 1.0 1.5 2.0
PG102 (mg/ml)

Fig. 1. Effects of PG102 in the bioassay system using RBL-2H3
cells. Rat RBL-2H3 mast cells were stimulated with PG102 (0, 0.5,
I and 2 mg/ml) and A23187 (1 M). Twelve hours later, the level
of IL-4 was measured in the supernatant by ELISA kit. The results
are shown as means * SD measured in the duplicate microplate
wells. More than 3 independent sets of experiments were per-
formed.

jection on day 0, and intragastrically administrated with
excess OVA 3 times a week from day 7 to the sacrifice day.
For the purpose of comparison, animals were divided
into 3 groups, each orally treated with PG102, Dex or wa-
ter alone, once a day from day -9 to the sacrifice day, as
shown in figure 2. As.another control, 1 group of mice
was grown: without OVA immunization and with water
administration only.

When animals were orally administrated with OVA
from day 7, water-treated and OVA-immunized mice
(OVA/water group) began to experience loosening of the
bowels from the second treatment. After the eighth oral
challenge on day 24, all mice from the OVA/water group
suffered from severe diarrhea (fig. 3). In the PG102-treat-
ed and immunized group (OVA/PG102 group), the first
lax stools were observed at the sixth oral administration
with OVA, and at the end of the experiment, the symptom
of diarrhea was observed in only 20-40% of mice in 4
independent experiments (fig.3). No diarrhea-related
symptom was observed in the nonsensitized animals
(normal group) and the Dex-treated and immunized
mice (OVA/Dex group; fig. 3). Although Dex completely
blocked the induction of allergic diarrhea, mice treated
with this glucocorticoid showed significant side effects,
including reduction of body weight by more than 10%
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Fig. 2. Protocols for OVA sensitization,
challenge and PG102 administration. Mice

were sensitized by subcutaneous (s.c.) in- !

jection with 1 mg of OVA plus CFA on day |
0, and then orally challenged with 100 mg
of OVA 3 times a week. Animals were di-
vided into 3 groups, and administered

OVA + CFA OVA oral administration
with PG102, Dex or water, on a daily basis (s.c. injection) (3 times/week)
from day -9 to day 26. Asa control, 1 group Sacrifice
of mice was fed with water only without ; 1 1
OVA sensitization. Between 30 min and [Seram |[ Spienccyte J[1PL]
2 h after each oral challenge with OVA, penety
mice were observed to determine whether :f_z |‘LL_']60 Mast cells
they had loose stools or not. On day 26, MCP-1 MCP-1

mice were sacrificed and samples were an-

PG102, Dex or water l

I T v v 1 v 1P 11

-9 0 7 10 12 14 17 19 21 24 26d
t tttrrttto

alyzed.
100 ~ <«— OVA/water
80 -
= Normal
<
g 60
b
_'§ 40 4 - OVA/PG102
- OVA/water
20
OVA/Dex
¥ Normal
0 |
0 3 6 9
a Number of oral administrations OVA/PG102

Fig. 3. Effects of PG102 in allergic diarrhea. Diarrhea was induced

by OVA sensitization and repeated challenges (10 mice/group).
a The effect on diarrhea incidence is shown. b The effect on mac-
roscopic status of large intestine is shown. This figure provides 1
representative result of 4 separate sets of experiments.

and serious loss of thymus (data not shown). On the con-
trary, mice administered with PG102 maintained regular
body weights, as compared with that of OVA/water as
well as normal groups, and did not show any noticeable
side effects (data not shown). These data indicated that
oral administration of PG102 could ameliorate allergic
diarrhea without side effects.

Effect on the Serum Level of IgE, IL-6 and MCP-1

Allergen-specific IgE mediates a type I hypersensitiv-
ity, triggering inflammatory responses in the local tissue
and eventually generating various allergic symptoms, in-
cluding food allergy [2-4, 12]. Next, we examined the se-

4 Int Arch Allergy Immunol 036

OVA/Dex

rum level of total and OVA=specific IgE, IL-6 and MCP-1,
which are all known to play key roles in the establishment
of allergic diseases and related inflammatory reactions
[2, 4,,13215]. The immunization with-OVA increased the
level of total and OVA-specific IgE in a statistically sig-
nificant manner, compared with that from normal mice
(fig. 4a and b). More than 30% reduction in the level of
total IgE was observed in OVA/PG102 animals. In par-
ticular, it is worth noting that the magnitude of OVA-spe-
cific IgE suppression mediated by PG102 appeared to be
similar to that in the OVA/Dex group (fig. 4b). The serum
level of IL-6 and MCP-1 was also dramatically increased
by 3- to 4-fold when animals were immunized with OVA.
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Fig. 4. Effects of PG102 on the serum level of total and OVA-specific IgE, IL-6 and MCP-1. a, ¢, d The level of
total IgE, IL-6 and MCP-1 in the serum was determined using respective ELISA kits. b Because OVA-specific
IgE antibody is unavailable, the relative level of OVA-specific IgE was represented as absorbance at ODysg nm
using a manual ELISA method. Values are shown as means = SEM. * p < 0.05, ** p < 0.01 vs. OVA/water mice

(Student’s t test).

The production of IL-6 was lowered by approximately 3-
fold in both OVA/PG102 and OVA/Dex groups, return-
ing to an almost normallevel (fig. 4c). In the case of MCP-
1, only PG102 but not Dex could reduce its level (fig. 4d).
These data suggested that PG102 could downregulate the
serum level of 3 key factors involved in the early and late
stages of allergic disease.

Effects of PG102 on Cytokine and Chemokine

Production in Splenocytes from OVA-Sensitized Mice

To be certain that the above observation could be re-
produced in an in vitro system, splenocytes were isolated
from the mice of each group and cultured with OVA for

Antiallergic Effects of PG102 in the
Murine Allergic Diarrhea Model

3 days. The culture supernatants were taken to measure
the level of IL-6, IL-10 and MCP-1. Splenocytes isolated
from the OVA/water group produced a large amount of
IL-6, IL-10 and MCP-1 (fig. 5). However, cells from
PG102-treated mice showed a significantly lower level of
IL-6 (fig. 5a). The level of MCP-1 was also decreased,
though the difference was not statistically significant
(fig. 5b). The suppressive effect of PG102 on these inflam-
matory mediators was comparable to that of Dex (fig. 5a
and b). On the contrary, the level of IL-10 produced from
the splenocytes of PG102-fed mice was higher than that
of the OVA/water group, while it was lower in the OVA/
Dex group (fig. 5¢). These data suggested that PG102
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Fig. 5. Effect of PG102 on the production of IL-6, IL-10 and MCP-1 in OVA-restimulated splenocytes. Isolated
splenocytes were cultured in the presence of 100 pg/ml of OVA for 3 days. The culture supernatants were taken
to measure the level of IL-6 (a), MCP-1 (b) and IL-10 (c) using respective ELISA kits. The results are presented
as means = SEM. *p < 0.05 vs, OVA/water mice (Student’s t test).
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Fig. 6. Analysis of mast cell (CD117MFceRI™) infiltration into large intestine. LPLs were isolated from the large
intestines, labeled with dye-conjugated antibodies specific to CD117 and FceRI, and analyzed by flow cytom-
etry. The upper right corner of CD117"FceRIM represents mast cells that infiltrated into the large intestine. This
result is representative of 2 independent experiments each containing 2 mice.

might control pro- and anti-inflammatory molecules in
a selective manner, unlike Dex, which suppressed the
production of cytokines in an indiscriminate manner.

Oral Administration of PG102 Inhibits the Infiltration

of CD117"FceRI™ Mast Cells into the Large Intestine

The lamina propria is a constituent layer of mucosa.
Many different kinds of leukocytes exist in this region,
and they play important roles in inducing various im-
mune reactions to food [12, 16]. To test the infiltration
status of mast cells in the large intestine, lamina propria
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lymphocytes (LPLs) were isolated and analyzed by flow
cytometry [8, 9, 11]. Mast cells highly express CD117 and
FceRI on their surface [11]. As revealed in figure 6, the
proportion of infiltrating mast cells (CD117"FceRI™) in
the large intestine was increased to 2.31% in OVA/water
mice from 0.048% in normal mice. However, oral admin-
istration of PG102-and Dex decreased the fraction of mast
cells to 0.15 and 0%, respectively (fig. 6). These results in-
dicated that PG102 might suppress an allergic inflamma-
tion by inhibiting the infiltration of CD117"FceRIM mast
cells into the allergen-sensitized large intestine.
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Discussion

Specific foods can provoke adverse reactions in a sus-
ceptible individual by hypersensitivity reaction, which is
termed food allergy [1-3]. Food allergens are derived
from a limited number of foods, such as cow’s milk, eggs,
soy, wheat, peanuts and seafood, so the management of
food allergy generally focuses on the avoidance of such
causal food(s) from the diet [2, 3, 12]. However, the elim-
ination of ubiquitous allergens from food is very difficult
and time-consuming, and even careful individuals may
accidentally ingest causal food(s) through cross-contam-
ination. A recent clinical trial showed that the use of hu-
manized monoclonal anti-IgE antibody, called TNX-901,
could significantly increase the threshold for individuals’
sensitivity to peanuts [17]. Theoretically, this approach
should be protective against multiple food allergens,
however, it requires continued treatment and is too ex-
pensive to be used for the purpose of prevention. There-
fore, there has been a strong need for the development of
a convenient, cost-effective and efficacious preventive or
therapeutic agent.

We have previously shown that PG102 could regulate
the expression of IgE and Thl and Th2 cytokines in-
volved in the allergy pathogenesis, using the OVA-sensi-
tized mouse, NC/Nga dermatitis mouse, magnesium-de-
ficient hairless rat and OVA-induced asthmatic mouse
models [5-7]. These in vivo findings were also strongly
supported by the data from various in vitro cell culture
experiments [5, 7). All these results suggested that PG102
might have preventive or therapeutic effects on a broad
range of allergic diseases. In this study, we tested wheth-
er PG102 could prevent allergic diarrhea in a murine
OVA-induced allergic diarrhea model. Oral administra-
tion with PG102 could sharply decrease the incidence

of diarrhea. Our data suggested that PG102 might

have suppressed diarrhea incidence by lowering the
level of IgE, subsequently inhibiting the infiltration of
CD117"FceRIM mast cell to the large intestine (as sup-
ported by the flow cytometry analysis of LPLs), and sup-
pressing the inflammation as evidenced by the decreased
level of IL-6 and MCP-1 in vitro as well as in vivo.
PG102 highly decreased the level of IL-6, both in vivo
and in vitro, while greatly lowering the amount of MCP-
1 in isolated splenocytes and, to a lesser extent, in the se-
rum. The magnitude of suppressive effects was similar to
that of Dex. IL-6 is deeply involved in fever induction and
the acute-phase response, while MCP-1 induces the re-
cruitment of T lymphocytes, monocytes, eosinophils and
basophils, generating a series of inflammatory reactions

Antiallergic Effects of PG102 in the
Murine Allergic Diarrhea Model

[14, 15, 18, 19]. The fact that PG102 could efficiently
downregulate the production of IL-6 and MCP-1 suggest-
ed that PG102 might be effectively used to control in-
flammatory reactions.

The effect of PG102 on IL-6 and IL-10 is interesting in
the context of tolerance. IL-6 secreted by dendritic cells,
together with unidentified factors produced by myeloid
dendritic cells, are thought to interrupt the anergy status
of CD4+CD25+ regulatory T (Treg) cells in the spleen
(13, 20, 21]. IL-10 plays a key role in the differentiation of
naive CD8 T cells into Trl cells, a subset of Treg cells, and
the induced Tr1 cells secrete a large amount of IL-10 [22-
25]. That is, the tolerance could be inhibited by IL-6 but
induced by IL-10, through the regulation of Treg cells.
For this reason, it is tantalizing to hypothesize that one
mechanism of how PG102 controls food allergies might
be via the induction of immunological tolerance.

PG102 is a water-soluble extract prepared from an ed-
ible fruit. An active compound has yet to be found, and
the underlying mechanism remains to be unraveled.
However, several bioassays based on in vitro cell culture
systems have been developed. In this study, the effect of
PG102 on IL-4 expression was used to prepare PG102 in
a consistent manner, using RBL-2H3 cells. The use of
such an assay system helps to identify the active com-
pounds:and elucidate the molecular mechanisms at mo-
lecular and cellular levels as well as to control experimen-
talreagents. Our extensive safety experiments have shown
that PG102 is very safe. Together with efficacy data ob-
tained from animal disease models, PG102 demonstrates
great potential as a safe and effective reagent for food al-
lergies as well as other allergic diseases, including derma-
titis and asthma.
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Abstract The gastrointestinal immune system is a major
component of the mucosal barrier, which maintains an
immunologic homeostasis between the host and the harsh
environment of the gut. This homeostasis is achieved by
immunologic quiescence, and its dysregulation is thought
to result from the development of immune diseases such as
food allergies. Recent findings have revealed versatile
pathways in the development of intestinal allergies to
certain food antigens. In this review, we summarize the
regulatory and quiescence mechanisms in the gut immune
system and describe aberrant interactions between the host
immune system and the gut environment in. the develop-
ment of food allergies.

Keywords Food allergy - Mucosal immunology - Vitamin -
Commensal bacteria

Introduction

During the past several decades, the number of people
suffering from allergic diseases has increased to the point at
which it is a major concern worldwide [1]. Food allergy is a
serious disease associated with diarrhea; vomiting; drops in
body temperature; weight loss; and, occasionally, life-
threatening anaphylactic responses. Aberrant responses to
dietary materials are due mainly to type I allergic responses,
which are mediated by sequential immune disorders (Fig. 1).
Initially, allergen-specific IgE production is induced by the
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T-helper type 2 (Th2) environment along with dysregula-
tion of regulatory immune responses, which promote mast
cell infiltration into the intestine. Subsequently, secondary
cross-linking by the allergen on mast cells via Fce receptor
results-in the production of various allergic mediators by
mast cells (eg, histamine, platelet-activating factor, leuko-
trienes, and mast cell protease-1). These mediators increase
intestinal permeability, exacerbating the allergic symptoms
[21.

Although classic immediate food allergies are mediated
by mast cells, food allergens lead to the induction of
delayed or chronic allergic reactions as well. The mecha-
nisms underlying these delayed reactions are not fully
understood but are thought to involve the accumulation of
eosinophils in the gut (Fig. 1) [3]. A pathogenic mediator,
major basic protein, was detected in the accumulated place
of eosinophils in the gut, causing gut tissue damage and
associated symptoms, including diarrhea, bloody stools,
and blood eosinophilia [3].

In spite of continual ingestion of the same dietary
materials, many people show no aberrant reactions to
allergens. This unresponsiveness is associated with an
immunologic tolerance known as oral tolerance, which
involves the specific suppression of cellular and humoral
immune responses to ingested antigens [4]. Several lines of
evidence indicate that oral tolerance is achieved by a unique
gut immune system made up of complex regulatory
networks among immunocompetent cells (eg, dendritic
cells [DCs] and T cells) [5]. The establishment of food
allergy models using experimental animals allows the
investigation of possible pathways involved in the abroga-
tion of the immunologic regulatory network and the
consequent development of food allergies [6]. It also
allows the identification of some immunologic character-
istics as they appear in human patients, revealing basic
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Fig. 1 Multiple steps in the
development of allergic
responses. 1, Several stresses,
including psychological, bacte-
rial, and cytokine stimulation,
disrupt the epithelial barrier,
permitting the penetration of
allergens. 2, The immunologic
environment mediated by den-
dritic cells (DCs) and presum-
ably basophils resuits in the
preferential induction of T- 2 .

helper type 2 (Th2) cells, which §uppressuon of regulatory
leads to 3, the induction of IgE !mmur)e network and
production and mast cell infil- induction of Th2 cells
tration. 4, Mast cells produce
inflammatory mediators (eg,
histamine, prostaglandins, and
leukotrienes) upon cross-linking
of IgE with the allergen, leading
to 5, the constriction of smooth
muscle cells and the recruitment
of eosinophils. EC—epithelial
cell; IL—interleukin; Treg—
regulatory T cell

1

Disruption of physical and
biological barriers at
epithelium

3
IgE production and mast
cell infiltration

4

Production of inflammatory
mediators from mast cells
upon secondary stimulation
with relevant allergen
Inflammatory mediators

5

Infiltration of eosinophils
producing inflammatory
mediators, and
constriction of smooth
muscle cells

aspects of allergic responses and potential clinical targets
against food allergies.

Accumulating evidence indicates that environmental
factors in the gut (eg, commensal bacteria) play an
important role in maintenance and disruption of gut
immune quiescence [7]. Indeed, previous studies using
germ-free mice showed that stimulation by commensal
bacteria promotes the development of active and quiescent
immune responses [8]. Recent advances in genome-based
bacterial analyses have revealed quantitative and qualitative
aspects of commensal bacteria, including unculturable
bacteria, in the development and dysregulation of the host
immune system [9]. Other recent nutritional studies have
indicated that diversification in food, particularly Western-
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ized diets, may be associated with the increased number of
allergic patients {1].

In this review, we focus on the gut immune system in the
development of food allergies from the viewpoint of the
quiescent immune system and cross-talk with environmen-
tal factors.

Gut Regulatory Immune Networks and Their
Disruption in the Development of Food Allergies

The gut immune system is a unique system that can
distinguish between harmless and harmful nonself materials
[10]. Accumulating evidence shows that various immuno-
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competent cells participating in different gut immune
responses, including physical, innate, and acquired immu-
nity, use immunologic cross-talk to negatively regulate the
immune responses to harmless materials. The tight junction
among epithelial cells (ECs) is an example of a physical
barrier that prevents the uptake of allergenic materials.
Disruption of epithelial barriers promotes the development
of food allergies: psychological stress [11], bacterial
infection (eg, by Candida albicans) [12], and cytokine
stimulation (eg, by IL-9) [13¢+] resulted in the increased
permeability of epithelial layers, which increased the
susceptibility to allergens. Similarly, immature development
of the epithelial barrier in infants may explain the
prevalence of food allergies in infants younger than 3 years
old [1]. Additionally, ECs are not simply a physical barrier;
they also influence the biological nature of allergenic
macromolecules through the production, formation, and
synthesis of secretory IgA and digestive enzymes. Thus,
ECs pose physical, physiologic, and immunologic barriers
to allergenic materials.

At the T-cell level, the classic paradigm is that Th2
responses favor the development of allergic responses,
whereas Thl responses inhibit them {14]. In this context,
our group reported that the homodimeric form of interleu-
kin (IL)-12 p40 (p80) is produced predominantly in the

large intestine of allergic mice and plays an important role

in the induction of Th2 responses by competing. with
heterodimeric IL-12 (p40 + p35), an essential cytokine for
the induction of Thl responses (Fig. 2) [15]. Although it is
not clear which kinds of cells are responsible for the IL-12
p80 production, it could be worthwhile to examine
basophils as immunoregulatory antigen-presenting cells
involved in the process of inducing an aberrant Th2-type
environment. Recent reports show. that basophils express
major histocompatibility complex class II and costimulatory
molecules (eg, CD80: and CD86) together with the
predominant production of IL-4, initiating Th2 responses
(Fig. 2) [16¢+, 17, 18]. Surprisingly, DCs are not required
for the induction of Th2 responses; basophils alone are
sufficient. Although the role of basophils in the develop-
ment of food allergies has not yet been tested, this is an
important point to be investigated.

The development of allergic responses is not explained
simply by the classic Th1/Th2 paradigm. Current attention
is focused on the regulatory T-cell (Treg) network. This
network, composed of Treg, Trl, Th3, and CD8«xx T cells,
plays a key role in the achievement of immunologic
quiescence (Fig. 2) [19, 20]. Tregs are abundant in the
intestinal compartments for the creation of immunologic
quiescent conditions in their harsh environments. As Tregs
developing naturally in the thymus, de novo-generated
intestinal Tregs express forkhead box P3 (FoxP3), a master
transcription factor for the differentiation of Tregs, and

have been implicated in the negative regulation of allergic
responses [21, 22¢]. The de novo differentiation of Tregs
from naive CD4 T cells requires transforming growth factor
(TGF)-B, a cytokine that is abundant in the intestine.
Importantly, costimulation with IL-6 plus TGF-f3 leads to
the exclusive induction of IL-17-producing T (Th17) cells,
which are involved in the induction and inhibition of
inflammatory and allergic diseases (Fig. 2) [23-23].
Reciprocally, all-trans retinoic acid (at-RA), a metabolite
of vitamin A produced particularly by intestinal CD103"
DCs, prevented the differentiation of Th17 cells but
enhanced Treg induction in the intestine (Fig. 2) [26ee,
27-29]. It was reported recently that ECs educate intestinal
CD103" DCs to be tolerogenic through the production of
TGF- and at-RA (Fig. 2) [30<]. Additionally, Tregs
reciprocally educate DCs to-produce IL-27 for the subse-
quent induction of Trl cells, a distinct Treg population
(Fig. 2) [31++].  Like Tregs, Trl cells produce 1L-10, but
unlike Tregs, they  do not express FoxP3. These data
suggest that the cytokine milieu created by T cells, DCs,
ECs, and basophils is critical for the creation and
maintenance of immunologic homeostasis in the gut.
Further molecular and cellular investigation of this intesti-
nal _regulatory system is required for the development of
new immunotherapy for food allergies.

Commensal Bacteria in the Regulation of the Gut
Immune System

Because the prevalence of food allergies has increased very
rapidly in industrialized countries, environmental and host
factors are considered to be involved. Among several
environmental factors, commensal bacteria are likely to be
pivotal in the regulation of the gut immune system because
they initiate their intestinal habitation at birth and contin-
uously grow and are required for the maturation of the gut
immune system, including the induction of oral tolerance
[32]. This idea, known as the hygiene hypothesis, suggests
that the improvement of hygiene, the development of
antibiotics and vaccines, and the intake of almost-sterile
food have reduced the gut’s exposure to microorganisms
and thus have led to the failure of the maturation of the gut
immune system [7]. The hygiene hypothesis is supported
by several epidemiologic studies, although the issue is still
controversial [7]. Supporting the hypothesis, it was reported
that mice lacking Toll-like receptor 4 (TLR4), a receptor for
lipopolysaccharide, showed high susceptibility to food
allergy [33], suggesting that signals dependent on innate
immunity influence the allergic responses. Allergic TLR4-
deficient mice showed Th2-biased responses in intestinal
and systemic (eg, spleen) compartments. This finding
correlated with another finding that a defect in MyDS8§,
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Fig. 2 Versatile pathways for the induction of regulatory and
pathological T-cell network. Epithelial cells (ECs) produce trans-
forming growth factor (TGF)-f and all-trans retinoic acid (at-RA),
which make CD103" dendritic cells (DCs) tolerogenic. Naive CD4" T
cells activated by CD103" DCs differentiate into regulatory T cells
(Tregs) also via at-RA and TGF-B. Tregs subsequently: educate
plasmacytoid DCs (pDCs) to produce interleukin (IL)-27, which is

an adopter molecule for many TLRs, moved the T-cell
responses toward the Th2 type [34]. Reciprocally, stimulation
with DNA-containing unmethylated CpG induces Thl-type
immune responses via TLR9 [33]::In addition to Thl-type
immune responses, a TLR9-mediated signal is a prerequisite
for the efficient induction of regulatory-type T cells (eg, Tregs
and Tr1 cells). Indeed, oral-administration of a TLRY agonist
inhibited the development of allergic responses to peanuts
[33]. In this context, a recent study revealed a reciprocal
relationship between retinoic acid and TLR9-mediated signals
in the induction of Tregs [35+¢]. As mentioned previously,
costimulation of CD4 T cells with at-RA enhances TGF--
mediated FoxP3 expression; however, at-RA inhibits 1L-10
induction [35¢+]. On the other hand, stimulation of DCs via
TLRY reduces FoxP3 expression and upregulates IL-10
induction in CD4 T cells (Fig. 2). Although the physiologic
roles of the reciprocal regulation systems via at-RA and TLR9
in the development of food allergies are still unclear, these
reports reveal a multilayered system involved in the negative
regulation of antigen (or allergen)-specific immune responses
in the harsh environment of the gastrointestinal tract.

In addition to hematopoietic cells (eg, T cells and DCs),
ECs also express various kinds of TLRs [36]. For instance,
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Vitamin A

Regulatory

required for the induction of IL-10-producing Trl cells, another type
of Treg. Trl cells are also induced by CpG-treated DCs. On the other
hand, IL-23 and IL-12 p70 are involved in the induction of T-helper
type 17 (Th17) and Thl cells, respectively. Th2 cells, a major T-ceil
population in the development of allergic responses, require 1L-4,
which is predictably produced by basophils. TLR—Toll-like receptor

the tight junction between ECs is enhanced by a TLR2-
mediated signal, indicating that bacterial stimulation is
required for the first physical barrier to prevent the
penetration of allergens as almost intact protein [37]. In
addition to TLR2, TLR9 is a potential innate receptor in the
regulation of EC function. TLR9 recognizes unmethylated
CpG-containing bacterial DNA and is expressed on the
apical and basolateral surfaces of ECs [36]. Intriguingly,
TLR9 stimulation at the apical site activates nuclear factor-
kB without the production of inflammatory cytokines,
whereas basolateral stimulation of TLR9Y results in the
robust production of inflammatory cytokines [38].

In line with the hygiene hypothesis, probiotic bacteria
are used to prevent allergic diseases [39]. Although the
precise mechanisms used by probiotics to prevent and treat
allergies are not fully understood, several pathways are
considered possible mechanisms, In addition to imposing a
physical barrier to compete with pathogenic bacteria,
probiotics directly stimulate the immune system to establish
a regulatory network, particularly in the induction of
inhibitory cytokines (eg, IL-10) [40]. Furthermore, pro-
biotics contribute indirectly to the regulation of the immune
system by producing immunomodulatory molecules

-34-

222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244



AUTHOR'S PROOF

245
246
247
248
249
250
251
252
253
254
255
256
257
258
2569
260
261
262
263
264
265
266
267
268

269
270

271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294

Curr Allergy Asthma Rep

JmliD 11882_ArtiD 97_Proof# 1 - 06/03/2010

through the consumption of foodstuffs. For instance, pro-
biotic bacteria digest exogenous and endogenous materials
(eg, fibers and mucins), and the broken down products
affect the host immune system [40]. A recent study reported
that short-chain fatty acids produced from fiber by
commensal bacteria are required for the normal resolution
of inflammatory responses through G-protein—coupled
receptor 43 [41].

Although many bacteria universally produce various
TLR ligands (eg, lipopolysaccharide and CpG-motif DNA)
and consume dietary materials, not all bacteria can establish
regulatory networks in the gastrointestinal tract. Instead,
some commensal bacteria induce inflammatory cells. For
instance, recent studies have shown that segmented fila-
mentous bacteria preferentially induce Th17 cells, not Tregs
[42, 43]. In line with these findings, it was reported that
exogenous adenosine triphosphate derived from commensal
bacteria induced Thl7 cells [44]. Lactobacillus and
Bifidobacterium are used in the probiotic treatment of
allergic diseases on the basis that allergic patients have
decreased counts of both [39]. However, among several
species of each, only some strains have strong potential as
probiotic bacteria. Therefore, the key functions that
determine probiotic ability must be determined.

Dietary Materials and Milk in the Development of Food
Allergy

The gastrointestinal tissues are vital for the digestion and
absorption of nutrients. Because allergic diseases are
prevalent in Westernized countries, - interactions between
dietary factors abundant in Western food and the gut
immune system could be involved.in the development of
food allergies [1]. Among dietary factors, considerable
evidence indicates that dietary lipids directly regulate
allergic responses, especially omega-3 (eg., linolenic acid)
and omega-6 (eg, linoleic acid) fatty acid [45]. Mammals
must ingest both forms of these essential fatty acids. Some
inflammatory lipid mediators (eg, prostaglandins and
leukotrienes) are derived from omega-6 fatty acids, whereas
anti-inflammatory mediators (eg, eicosapentaenoic acid and
docosahexaenoic acid) are generated from linolenic acid.
Thus, the balance between omega-6 and omega-3 fatty
acids in dietary oils seems critical to the development of
allergic diseases [45]. In support of this notion, clinical
studies have shown that omega-3 dietary supplementation or
frequent consumption of fish containing abundant omega-3
fatty acids decreases the risk of allergic diseases [46].

Our group showed an immunologic function of another
lipid mediator, sphingosine 1-phosphate (SIP), in the
development of food allergy [47]. SIP is generated from
sphingomyelin and ceramide and regulates cell trafficking

through interactions with its receptors {48]. On the basis of
our findings on S1P function in the regulation of the gut
immune system [49, 50], we suspect that cell trafficking of
pathogenic cells (eg, activated pathological T and mast
cells) is also regulated by SIP. In fact, treatment of an
experimental animal model with an SIP inhibitor resulted
in the inhibition of allergic diarrhea, which is associated
with decreased accumulation of pathogenic T and mast cells
in the large intestine, without affecting serum IgE produc-
tion [47]. Because it is possible that SIP precursors are
present in dietary oils, these oils could be additional factors
in the determination of allergic diseases.

Milk is the major dietary material for neonates. Previ-
ously, breast milk was thought to be responsible for the
allergic responses in neonates as a source of allergens;
however, several studies demonstrated that removing
allergens from the diet during pregnancy and lactation did
not prevent allergies: [51]. On the other hand, recent
evidence has revealed that breast milk contains molecules
that induce tolerance, including 1L-10, TGF-§, and immu-
noglobulins [51]. In agreement with this idea, mouse pups
suckled: by allergen-exposed mothers showed tolerance to
those allergens [52¢¢, 53]. A recent study showed that
feeding of breast milk induced tolerance that was dependent
on TGF-$ but was not dependent on the transfer of
immunoglobulins or IL-10 {52¢+]. The nucleus and biolog-
ical nature of dietary materials, including lipids and milk,
may provide us with new candidate regulatory molecule(s)
that can mimic the mucosal Treg cell network system.

Conclusions

Progress in our understanding of immunologic tolerance
and its abolition in the development of food allergies
suggests several strategies against food allergies [54]. One
is the re-education of the disordered gut immune system to
induce oral tolerance. Although the prevention of food
allergies still requires the prolonged elimination of the
allergenic diet, several studies have already achieved
immune therapy to prevent food allergy. Immunologic
homeostasis between the host immune system and the gut
environment is maintained by complex pathways. In
particular, interactions among host immunocompetent cells
(eg, T cells, DCs, ECs, and basophils) and immunologic
modification via dietary materials (eg, vitamin A and short-
chain fatty acids) and bacterial products (eg, CpG and
adenosine triphosphate) are critical events for the formation
and maintenance of immunologic quiescence, and their
dysregulation leads to the development of food allergies.
Further studies of immunologic cross-talk with gut environ-
ments are needed to develop novel strategies for the
prevention and treatment of food allergies.
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