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Peyer’s Patches Play a Protective Role in Nonsteroidal
Anti-inflammatory Drug-induced Enteropathy in Mice
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and Tetsuo Takehara, MD, PhD*

Background: Peyer’s patches (PPs) play a major role in mucosal immunity. However, their roles in nonsteroidal anti-inflammatory drug—induced
enteropathy are poorly understood.

Methods: Wild-type (WT) and PP-null mice were injected with indomethacin. Twenty-four hours later, the cellular profiles and cytokine levels in the
PPs, mesenteric lymph nodes (MLNSs), and lamina propria (LP) of the small intestine were measured. WT and PP-null mice were given antibiotics before
indomethacin treatment to evaluate enteropathy. Naive CD4™ T cells were co-cultured with CD103* or CD103~ dendritic cells (DCs) to analyze the
interleukin (IL)-10 expression levels. Finally, WT mice adoptively transferred with CD103* or CD103~ DCs were injected with indomethacin.

Results: The proportion of CD103* DCs in PPs and MLNs and IL-10-expressing CD4" T cells of PPs and the LP increased after indomethacin
treatment. The PP-null mice showed greater indomethacin-induced enteropathy, fewer CD103* DCs in their MLNs, and lower proportion of IL-10-
expressing CD4" T cells of their LP than WT mice, regardless of commensal bacteria. Naive splenic CD4* T cells co-cultured with CD103* DCs isolated
from the MLNSs of indomethacin-injected WT mice produced a higher amount of IL-10 compared with those co-cultured with CD103~ DCs. Moreover,
WT mice that received CD103* DCs showed milder enteropathy than those that received CD103~ DCs.

Conclusions: PPs play a protective role in nonsteroidal anti-inflammatory drug—induced enteropathy, and this protection is associated with an increase

in CD103* DCs and IL-10-producing CD4" T cells in the intestine, independent of the commensal bacteria.

(Inflamm Bowel Dis 2014,20:790-799)

Key Words: mucosal immunity, NSAID-induced enteropathy, CD103* DCs

N onsteroidal anti-inflammatory drugs (NSAIDs) are increas-
ingly used in patients suffering from orthopedic disorders and
rheumatoid arthritis." The advent of video capsule endoscopy and
balloon enteroscopy has revealed that 70% of chronic NSAID

Supplemental digital content is available for this article. Direct URL citations
appear in the printed text and are provided in the HTML and PDF versions of this
article on the journal’s Web site (www.ibdjournal.org).

Received for publication January 16, 2014; Accepted January 29, 2014.

From the *Department of Gastroenterology and Hepatology, and "Department of
Molecular Biochemistry and Clinical Investigation, Osaka University Graduate
School of Medicine, Osaka, Japan; iDepartmen'c of Gastroenterology, Sumitomo
Hospital, Osaka, Japan; $Division of Mucosal Immunology, Department of Micro-
biology and Immunology, The Institute of Medical Science, The University of
Tokyo, Tokyo, Japan; and ﬁ‘Departmem of Infection Metagenomics, Research
Institute for Microbial Diseases, Osaka University, Osaka, Japan.

Supported by Grant in Aid from the Japan Society for the Promotion of Science
(Grant No. 23590941).

The authors have no conflicts of interest to disclose.

Reprints: Hideki lijima, MD, PhD, Department of Gastroenterology and
Hepatology, Osaka University Graduate School of Medicine, 2-2 K1 Yamadaoka,
Suita, Osaka 565-0871, Japan (e-mail: hijjima@gh.med.osaka-u.ac.jp).

Copyright © 2014 Crohn’s & Colitis Foundation of America, Inc.

DOI 10.1097/MIB.0000000000000017

Published online 19 March 2014.

790 | wwwibdjournal.org

users show small intestinal inflammation.>* The pathogenesis
of NSAID-associated enteropathy is suggested to be multifactorial
and includes changes in mucosal permeability, bile acid, proteo-
lytic enzymes, and intestinal bacteria.’ The mechanisms of
NSAID enteropathy seem to be distinct from those of NSAID
gastropathy,* but the immunological mechanisms of NSAID-
induced enteropathy have not been extensively investigated.

The gut-associated lymphoid tissue (GALT) has unique and
distinct functions in the active immune response to infectious
microorganisms and oral tolerance toward commensal gut microbes
and food antigens.® Peyer’s patches (PPs) are aggregates of lym-
phoid follicles and are considered to be a major component of
GALT. PPs are covered by a specific type of epithelium, the
follicle-associated epithelium, which forms the interface between
the Iuminal microenvironment and the GALT. PPs serve as an
inductive site for mucosal immune responses by initiating antigen
uptake via specialized cells called microfold cells that exist in the
follicle-associated epithelium.® Antigen-sensitized immune cells
exit PPs and migrate to mesenteric lymph nodes (MLNs) and then
into the thoracic duct to reach the bloodstream. The migrating cells
finally enter mucosal effector sites [e.g., intestinal lamina propria
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(LP)].* In animal models, PPs play a crucial role in the induction of
oral tolerance through the generation of T cells, which secrete
transforming growth factor B and interleukin (IL)-10.”#

Dendritic cells (DCs) are key initiators of the adaptive
immune response and play a central role in regulating the balance
between tolerance and immunity in the intestinal mucosa.” Recent
progress has shown that CD103" DCs are present in the PPs and
the LP, which constitutively traffic antigens to the draining
MLNs.' CD103* DCs in the MLNs induce the expression of
the gut-homing receptors, e.g., C-C chemokine receptor 9 and
integrin o4f7, which communicate with T cells and promote
the differentiation of naive CD4* T cell into regulatory T cells
(Tregs) in vitro."' * Although CD103* DCs are inherently tolero-
genic in the steady state, their function during inflammation is
poorly understood. In the present study, we investigated the roles
of PPs in NSAID-induced enteropathy in relation to CD103™ DCs.

MATERIALS AND METHODS

Mice

BALB/c, C57BL/6, and EGFP-Tg mice were purchased
from Japan Clea (Tokyo, Japan) or SLC Inc. (Hamamatsu,
Shizuoka, Japan). /-107/~ mice (C57BL/6 background) were
purchased from the Jackson Laboratory (Bar Harbor, ME). To
develop PP-null mice, pregnant BALB/c mice were injected with
1 mg of anti-IL-7Re antibody via the tail vein at 14.5 days after
coitus, as described previously.'* Female mice between the age of
8 to 11 weeks were used in this study, with the exception of
4-week-old female /-/0~/~ mice and their counterpart wild-
type (WT) mice. All mice were kept under specific pathogen-
free conditions in an environmentally controlled clean room at
the Institute of Experimental Animal Sciences of the Osaka Uni-
versity Graduate School of Medicine. The Institutional Committee
on Animal Research approved all the experiments.

Initiation of Indomethacin-
induced Enteropathy

Enteropathy was induced by subcutaneous injection with
indomethacin (7.5 mg/kg body weight; Sigma-Aldrich, St. Louis,
MO). Twenty-four hours after the injection with indomethacin, the
mice were killed via deep CO, inhalation. The tissues of the small
intestine (SI) were fixed with 4% paraformaldehyde, opened along
the anti-mesenteric attachment, and examined for lesions under
a stereomicroscope. The ulcer area (in square millimeters) was
measured by tracing the ulcers in the SI under x20 magnification.

Isolation of Mononuclear Cells

Mononuclear cells from the PPs and MLN were isolated by
mechanical dissociation. Mononuclear cells from the small intesti-
nal lamina propria (SI-LP) were collected as described previously.'*
Briefly, after the removal of the PPs, the LP mononuclear cells were
isolated by enzymatic dissociation using collagenase (Wako, Osaka,
Japan) and DNase (Sigma-Aldrich) with stirring at 37°C. The lym-
phocytes were obtained from the interface between the 40% and

75% layers of a discontinuous Percoll gradient (GE Healthcare,
Waukesha, WI). CD4"™ T cells were isolated from the PPs using
MACS CD4 columns (Miltenyi Biotec, Bergisch Gladbach,
Germany) according to the manufacturer’s instructions.

Quantitative Real-time Polymerase
Chain Reaction

Total RNA was extracted using an RNeasy Mini Kit (Qiagen,
Valencia, CA), and complementary DNA was synthesized using the
High Capacity RNA-to-cDNA Master Mix (Applied Biosystems,
Foster City, CA) according to the manufacturer’s instructions. Quan-
titative real-time reverse transcription—polymerase chain reaction
(PCR) for 1I-1 (Mm00434228-m1), /l-6 (Mm00446190-m1), tumor
necrosis factor-o (Tnf-c; Mm99999068-m1), interferon-y (Ifin-,
Mm99999071-m1), /I-10 (Mm99999062-m1), /I-17 (Mm00439619-
ml), c-Maf (Mm02581355-S1), [I-2] (Mm00517640-m1), aryl
hydrocarbon receptor (Ahr; Mm00478932-m1), and f-actin were
performed using Thunderbird Probe gPCR Mix (Toyobo Life Sci-
ence, Osaka, Japan) and an ABI Prism 7900HT Sequence Detec-
tion System (Applied Biosystems). f-actin was used as an
endogenous control. All real-time PCRs were performed in
duplicate.

Flow Cytometric Analysis

The following reagents were used to stain the murine cells:
Pacific Blue-labeled anti-CD4, phycoerythrin-labeled anti-B220,
phycoerythrin-labeled anti-CD25 (BD Biosciences, San Jose, CA),
fluorescein isothiocyanate-labeled anti-CD8a, phycoerythrin-labeled
anti-F4/80 (eBioscience, San Diego, CA), perCP-Cy5.5-labeled
anti-CD103, and Pacific Blue-labeled anti-CD11c (Biolegend, San
Diego, CA). Intracellular IL-10 and forkhead box p3 (Foxp3) were
stained using allophycocyanin-labeled anti-IL-10 or Alexa Fluor
488-labeled anti-Foxp3 with Cytofix/Cytoperm (BD Biosciences),
respectively, according to the manufacturer’s instructions. These
samples were subjected to flow cytometric analysis using a FACS
Canto II (BD Biosciences) or FACS Verse (BD Biosciences) instru-
ment. The data were analyzed using FlowJo software (Tree Star,
Inc., Ashland, OR).

T-cell Differentiation Assay

CD4* CD62L" naive T cells were isolated from the spleens
of BALB/c mice using a naive CD4* T-cell enrichment column
(R&D Systems, Minneapolis, MN) according to the manufacturer’s
instructions. CD103* and CD103~ CD11c" DCs were sorted from
the MLNs of indomethacin-treated BALB/c mice using anti-CD11c
and anti-CD103 antibodies on a FACS Aria II Cell Sorter (BD
Biosciences). Naive splenic CD4% T cells (4-5 X 10°) were
co-cultured with 4 x 10* to 5 X 10% of the sorted CD103* or
CDI103~ CDl1lc* DCs in RPMI 1640 (Sigma-Aldrich) containing
10% fetal bovine serum, a hamster anti-mouse CD3 antibody
(1 pg/mL; BD Biosciences), 1 pg/mL lipopolysaccharide from
Escherichia coli (0111:B4; Sigma-Aldrich) and recombinant
human IL-2 (10 ng/mL; Invitrogen, Carlsbad, CA) in 96-well plates
for 4 days. The IL-10 expression levels were then assessed by
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quantitative real-time reverse transcription—-PCR and flow cytome-
try as described above.

Adoptive Transfer of PP Mononuclear Cells

PP mononuclear cells of indomethacin-treated BALB/c
mice were sorted by flow cytometric side scatter/forward scatter
analysis, and 1 X 107 cells per mouse were intravenously injected
to PP-null mice. At the time of the adoptive transfer, indometh-
acin (7.5 mg/kg body weight) was subcutaneously injected, and SI
injury was evaluated 24 hours after the injection.

Adoptive Transfer of DCs

Sorted CD103* or CD103~ DCs were adoptively trans-
ferred to WT mice by intravenous injection at 6 X 10° to 7 X
10° cells per mouse. Twenty-four hours after the transfer, the
mononuclear cells were isolated from the MLNs and SI-LP, and
the expression of IL-10 by the CD4* T cells was analyzed by flow
cytometry. In a separate experiment, indomethacin (7.5 mg/kg
body weight) was subcutaneously injected at the time of the
adoptive transfer, and the mice were killed 24 hours after the
injection to analyze the resulting SI injury.

Depletion of Commensal Bacteria

To deplete the commensal bacteria with antibiotics, the mice
were treated for 2 weeks with 200 mg/L ciprofloxacin (Sigma-
Aldrich), 1 g/l ampicillin (Nacalai Tesque, Kyoto, Japan), 1 g/L
metronidazole (Sigma-Aldrich), and 500 mg/L. vancomycin
(Sigma-Aldrich), based on the protocol of Vereecke et al.'® The
presence of intestinal microflora was determined by culturing fecal
samples for 48 hours using a standard agar plate culture method.

Statistical Analysis

The results are expressed as the mean *+ standard error of the
mean. Groups of data were compared by Student’s ¢ test, and differ-
ences were considered to be statistically significant when P < 0.05.

RESULTS

PP-null Mice Develop Severe Indomethacin-
induced Enteropathy

Mice lacking PPs were generated by injecting an anti-IL-
7Ra. antibody during gestation (Fig., Supplemental Digital Content
1, http://links.Iww.con/IBD/A434) and we investigated the role of
PPs in indomethacin-induced enteropathy by using the PP-null
mice. PP-null mice that did not receive indomethacin exhibited
negligible intestinal injury, and there was no difference in the num-
ber of CD4*, CD8", and CD11c™ cells in the MLNs of the PP-null
and WT mice (data not shown).

Both WT and PP-null mice showed inflammation, includ-
ing punched-out and linear ulcers, primarily on the mesenteric
side of the SI after subcutaneous administration of indometha-
cin, and the PP-null mice exhibited more severe enteropathy,
including annular ulcers, compared with WT mice (Fig. 1A).
The ulcer area was significantly larger in the PP-null mice than
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FIGURE 1. PPs played a protective role in indomethacin-induced
enteropathy. A, Representative pictures of indomethacin-induced
injury in WT and PP-null mice. The scale bars are 1.0 mm. B, Ulcer areas
of untreated and indomethacin-treated WT and PP-null mice. C,
Cytokine expression profiles of mononuclear cells isolated from SI-LP
of indomethacin-treated WT and PP-null mice. D, Ulcer areas after
indomethacin treatment in PP-null mice transferred with mononuclear
cells isolated from PPs of WT mice or phosphate-buffered saline (PBS).
The data are expressed as the mean = standard error of 5 to 6 (A, B) or
4 (C, D) mice per group. *P < 0.05, **P < 0.01.

in the WT mice (Fig. 1B; P < 0.05). Proinflammatory cytokines
were induced by injection of indomethacin in the mononuclear
cells of SI-LP isolated from WT mice (Fig., Supplemental
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Digital Content 2, http://links.Iww.com/IBD/A435) and the mes-
senger RNA (mRNA) expression levels of IL-1B and TNF-o in
mononuclear cells of SI-LP isolated from the PP-null mice were
significantly higher than those of WT mice (Fig. 1C; P << 0.01).
When PP cells were adoptively transferred to the PP-null mice at
the time of indomethacin injection, the mice that received PP
cells showed a significantly smaller ulcer area compared with the
mice that were injected with phosphate-buffered saline (Fig. 1D;
P < 0.05). From these results, PPs are considered to have a pro-
tective function in indomethacin-induced enteropathy.

Effect of Indomethacin on the Cellular Profile
and Cytokine Production of the PPs, MLNs,
and LP

We next analyzed the alteration in cellular profile and
cytokine production in GALT after indomethacin injection. The
numbers of CD4™ T cells and CD11c¢*™ DCs in the PPs of the WT
mice were significantly increased after the injection with indometh-
acin (Fig. 2A). Significant decrement of B220" cells was observed
in the PPs of indomethacin-injected WT mice (Fig. 2A). However,
adoptive transfer of B220" cells did not affect the indomethacin-
induced SI injury (Fig., Supplemental Digital Content 3, http://
links.Iww.com/IBD/A436). M2 macrophages were shown to have
a suppressive function for colonic injury.'” The numbers of F4/80*
macrophages in PPs were similar before and after the injection of
indomethacin (Fig. 2A). In addition, the proportion of F4/80" mac-
rophages in SI-LP, nor their macrophage phenotype, did not differ
between the control and indomethacin-injected WT mice (Fig. A
and B, Supplemental Digital Content 4, http://links.lww.com/IBD/
A437). These results suggested that B cells and macrophages do
not play a major role in the NSAID-induced enteropathy.

The proportion of CD103* cells in the CD11c* DC popula-
tion (CD103* DCs) was significantly higher in the PPs and MLNs,
which are the inductive sites of GALT, but not in SI-LP, the effec-
tor site, of the indomethacin-treated WT mice than in those of the
control mice (Fig. 2B). When we compared the proportion of
CD103* DCs of WT and PP-null mice, the PP-null mice showed
a significantly lower proportion of CD103" DCs in the MLNs than
the WT mice after indomethacin injection (Fig. 2C; P < 0.05).

We next isolated CD4™ T cells from the PPs of the WT
mice and measured their cytokine expressions by quantitative
real-time reverse transcription—PCR. The IL-10 mRNA levels
were significantly higher (P < 0.05) and the IL-17 mRNA levels
were significantly lower (P < 0.05) in the PPs of the
indomethacin-treated WT mice than in those of the control mice
(Fig. 3A). There was no significant difference in the expression of
IFN-y between the 2 groups. The proportion of IL-10-expressing
CDA4* T cells in the PPs and SI-LP was significantly higher in the
indomethacin-injected WT mice than in the control WT mice
(Fig. 3B, C; P < 0.05). In contrast, the PP-null mice showed
a significantly lower proportion of IL-10-producing CD4* T cells
in their SI-LP (Fig. 3D; P < 0.05) compared with the WT mice
after indomethacin injection. To investigate whether the IL-10-
expressing CD4* T cells are inducible Tregs, which are
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FIGURE 2. CD103* DCs were induced during indomethacin-induced
enteropathy. Alterations in the number of cell populations in the PPs
(A) and the proportion of CD103* DCs in the PPs, MLNs, and SI-LP (B)
after indomethacin injection in WT mice. C, Proportion of CD103* DCs
in the MLNs of untreated or indomethacin-treated WT and PP-null
mice. The data are expressed as the mean = standard error of 5 to 6
mice per group. *P << 0.05, **P < 0.01, ***P < 0.001.

characterized by the expression of Foxp3, we examined the
expression of Foxp3 in the CD4" cells. The proportion of
CD4* Foxp3* cells did not differ between the vehicle and
indomethacin-injected group in the PPs or SI-LP in WT mice
(Fig. 3E). Type 1 regulatory (Tr1) cells are regarded as the major
subset of IL-10-producing Foxp3~ T cells and they highly
express c-Maf, IL-21, and the Ahr.'®2° The expression levels
of c-Maf, IL-21, and Ahr mRNA were significantly increased in
the CD4" T cells of the PPs in the indomethacin-treated WT
mice (Fig. 3F; P < 0.05). These results revealed that the number
of IL-10-producing Trl cells is increased in the PPs during
indomethacin-induced enteritis.

II-10-deficient mice show severe
indomethacin-induced enteropathy

To investigate whether IL-10 plays a protective role in
indomethacin-induced enteropathy, 4-week-old female 7I-10~"~ mice,
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FIGURE 3. IL-10-producing CD4* T cells were increased in both the PPs and SI-LP after indomethacin treatment. A, Cytokine expression profiles of
CD4* T cells sorted from the PPs of WT mice, as measured by quantitative real-time reverse transcription—PCR. B, Representative intracellular
staining of IL-10 gated on the CD4* cells of the PPs and SI-LP in WT mice. Solid line, indomethacin-treated mice; dotted line, control mice; shaded
area, isotype control. C, The proportion of IL-10-expressing CD4* T cells in the PPs and SI-LP in WT mice. D, The proportions of IL-10-producing
CD4* T cells in the SI-LP of untreated or indomethacin-treated WT and PP-null mice. E, Flow cytometric analysis of the CD4+ Foxp3* regulatory
T cells in the indomethacin-injected WT mice. F, Expression levels of c-Maf, IL.-21 and Ahr in the CD4* T cells from the PPs of WT mice after the
indomethacin treatment. The data are expressed as the mean = standard error of 4 to 6 mice per group (A, C, D, and F). *P < 0.05, **P < 0.01.
Representative pictures of at least 4 independent experiments are shown (B and E).

which have not yet developed enteropathy at this age, and WT mice
were injected with indomethacin. The ulcer area was significantly
larger in the /-0~ mice than in the WT mice at 24 hours after
the injection with indomethacin (Fig. 4; P << 0.001). These results
indicate that IL-10 has a protective effect in NSAID-induced
enteropathy.

Protection of PPs in Indomethacin-induced
Enteropathy Occurs Independently of the
Commensal Bacteria

We next investigated whether the protective roles of PPs in
NSAID-induced enteropathy are affected by commensal bacteria,
which have been reported to play a major role in this model '
To eliminate the commensal bacteria, we treated WT and PP-null
mice with broad-spectrum antibiotics (ciprofloxacin, ampicillin,
metronidazole, and vancomycin) for 2 weeks. The amount of
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commensal bacteria in the intestine was reduced below the level
of detection after the antibiotic treatment (data not shown).
Although antibiotic treatment showed marked reduction in the ulcer
area in both WT and PP-null mice (Fig. SA; 75% and 65% reduc-
tion, respectively), the ulcer area in the PP-null mice still remained
significantly larger than that in the WT mice after the administration
of antibiotics (Fig. 5A; P < 0.05). The PP-null mice showed a sig-
nificantly lower proportion of CD103* DCs in their MLNs
(Fig. 5B; P < 0.001) and demonstrated a significantly lower
proportion of IL-10-expressing CD4* T cells in their SI-LP
(Fig. 5C; P < 0.001) compared with the WT mice.

Functional Characterization of CD103* DCs
In Vitro

To investigate if the development of IL-10-expressing
CD4* T cells is influenced by CD103* DCs, CD103*, or
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CD103™, DC subsets from the MLNs of indomethacin-treated
WT mice were cultured in vitro with naive CD4* T cells purified
from the spleens of WT mice. The IL-10 mRNA expression levels
were higher in the co-culture containing naive CD4* T cells and
CD103* DCs than in the co-culture containing naive CD4* T cells
and CD103™ DCs (Fig. 6A; P < 0.05). To identify the cells that
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FIGURE 5. PPs played a protective role in indomethacin-induced
enteropathy, and this effect was independent of the gut flora. A, Ulcer
areas of WT and PP-null mice after indomethacin injection with or
without antibiotics treatment. The proportion of CD103* DCs in
the MLNs (B) and IL-10-producing CD4* T cells in the SI-LP (C) of
indomethacin-treated WT mice and PP-null mice after antibiotics
administration. The data are expressed as the mean * standard error
of 5 to 6 (A, B) or 3 (C) mice per group. *P < 0.05, ***P < 0.001.
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were producing IL-10, intracellular staining of IL-10 was per-
formed. CD4* T cells produced higher levels of IL-10 when the
cells were co-cultured with CD103* DCs than when they were
cultured with CD103~ DCs (Fig. 6B). In addition, the proportion
of IL-10-producing CD4" T cells was significantly higher in the
group cultured with CD103" DCs compared with that cultured
with CD103™ DCs (P << 0.05). In contrast, no difference was
observed in the proportion of IL-10-expressing CD1lc* cells
between the 2 groups (Fig. 6C).

Adoptive Transfer of CD103* DCs Ameliorates
Indomethacin-induced Enteropathy

To assess the effect of CD103* DCs in vivo, WT mice were
adoptively transferred with CD103™ or CD103~ DCs isolated
from the MLNs of indomethacin-treated mice. CD103* DCs that
were adoptively transferred from EGFP-Tg mice were shown to
migrate to the MLNs (Fig., Supplemental Digital Content 5,
http://links.Ilww.com/IBD/A438). At 24 hours after the transfer
of the DCs from the indomethacin-treated mice, the mice injected
with the CD103" DCs showed a higher proportion of IL-10-
expressing CD4™ T cells in their MLNs and SI-LP than the mice
injected with CD103™ DCs (Fig. 7A; P < 0.05). When indometh-
acin was injected concurrently with the adoptive transfer of either
CD103" or CD103™ DCs, the mice that received the CD103* DCs
showed a significantly smaller ulcer area than the mice that
received the CD103™ DCs (Fig. 7B, C; P < 0.05). These results
clearly indicate that CD103* DCs play a protective role in
indomethacin-induced enteropathy.

DISCUSSION

In this study, we first demonstrated that PPs play protective
roles in indomethacin-induced enteropathy through the induction
of immune-regulatory CD103* DCs and IL-10-expressing CD4*
T cells in the GALT. These protective effects were found to be
independent of the commensal bacteria. NSAIDs, e.g., indometh-
acin, inhibit cyclooxygenase to suppress the production of
prostaglandins, which promote mucus secretion, mucosal blood
flow, and epithelial proliferation.”’ NSAIDs also inhibit the
immunological function of prostaglandin E,, which suppresses
type 1 effector cells,?® *® induces Tregs,’'** and blocks the ability
of DCs to attract naive T cells.>”*? Thus, NSAIDs induce enter-
opathy by creating an environment that is susceptible to noxious
factors, such as bile acid or intestinal bacteria,* and we clearly
demonstrated that PPs serve to ameliorate NSAID-induced enter-
opathy, especially through immune-mediated mechanisms.

In PPs, luminal antigens are taken up by DCs directly or
indirectly through microfold cells. The DCs migrate to the T-cell
area to present antigens to CD4" T cells and differentiate to
secrete cytokines.*® We found that the proportion of CD103*
DCs was increased in both the PPs and MLNs after the injection
of indomethacin. CD103* DCs in the GALT are reported to
induce tolerance against commensal bacteria or food antigens
by promoting naive CD4* T cell differentiation into Foxp3™* Tregs
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FIGURE 6. CD103* DCs induced IL-10-producing CD4* T cells in vitro. Naive splenic CD4+ T cells (4-5 x 10°) were co-cultured with CD103* or
CD103~ DCs isolated from the MLN (4-5 x 104 for 4 days. A, IL-10 mRNA expression levels in both groups were measured by quantitative real-
time reverse transcription—PCR. B, Intracellular staining of IL-10 gated on CD4* cells. Solid line, the group co-cultured with CD103* DCs; dotted line,
the group co-cultured with CD103~ DCs; shaded area, isotype control. C, Percentage of IL-10-producing CD4* T cells and CD11c* DCs. The data are
expressed as the mean = standard error of 4 independent experiments. *P < 0.05.

under noninflammatory conditions.''** The role of CD103* DCs
in intestinal inflammatory conditions, however, has not been
defined. Here, we found that CD103* DCs increased the number
of CD4™ T cells that express IL-10, which are classified as Trl
cells during indomethacin-induced enteropathy. In addition, mice
that received CD103* DCs developed milder intestinal injury after
the indomethacin injection compared with those that received
CD103™ DCs. These results indicate that CD103" DCs have an
ameliorative effect during indomethacin-induced enteropathy and
that this effect is due to the induction of Trl cells. In contrast,
Laffont et al®** recently showed that CD103* DCs have an
impaired ability to induce Foxp3™ Treg and accelerate murine
colitis in recombinase-activating gene—deficient mice that have
been adoptively transferred with naive T cells. There might be
a discrepancy in the effect of CD103* DCs on intestinal inflamma-
tion between the indomethacin and naive T-cell transfer models. This
incongruity might be derived from differences between the acute and
chronic murine models. In addition, the disease location might also
be involved in these discrepancies because nearly all the IL-10-
producing T cells in the colonic LP are Foxp3* Tregs, whereas most
IL-10-producing T cells are Foxp3~ in the SI-LP.** Because CD103*
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DCs are capable of inducing IL-10-producing T cells, CD103* DCs
are considered to be targets for protection of intestinal injury
and inflammation. Decrement of IL-17 mRNA expression was
seen in the CD4* T cells of PPs after the indomethacin treatment.
Because [I-1747/~ mice showed milder indomethacin-induced
enteropathy than WT mice (Fig., Supplemental Digital Content 6,
http:/links.lww.com/IBD/A439), similatly to the previous report,*®
there may be another axis through IL-17-expressing CD4* T cells to
explain the protective role of PPs in NSAID-induced SI injury. Better
understanding of immune-mediated protective function of PPs will
help to identify effective medications for mucosal injury in the SI.
Several methodologies have been reported to generate
PP-null mice.’**"*® We used in utero anti-IL-7R antibody treat-
ment because mice generated by this system are well character-
ized and are reported not to develop PPs but to develop
completely intact splenic and lymphoid tissues, including MLLNs
and isolated tymphoid follicles.'** Using PP-null mice, PPs were
previously shown to be nonessential for intestinal IgA responses
to orally administered soluble protein under noninflammatory
conditions.* In an inflammatory or disease state, PP-null mice
suffer from severe dextran sodium salt-induced colitis®* and
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severe ovalbumin-induced allergic diarthea®” and fail to induce
intestinal IgA responses against Salmonella species.*® In our study,
the PP-null mice also developed more severe indomethacin-induced
enteropathy than the WT mice, and this enteropathy was accompa-
nied by a lower proportion of CD103* DCs in the MLNs. These
reports imply that PPs play an especially critical role under inflam-
matory conditions.

Kwa et al*® reported that Thl induction during primary
infection with an enteric apicomplexan parasite was delayed in
PP-null mice and attributed this result to the delayed arrival of
a broad range of DCs to the MLN. We also observed a reduction
in the accumulation of fluorescently labeled, orally administered
ovalbumin in the MLNs of PP-null mice compared with WT mice

Lopyripght © 2004 Orohn's & Colitle Foundation of Amerios, Ine,

(unpublished data). Because the DCs from PPs migrate to the
MLNs,*#* it is possible that the lower number of the CD103*
DCs that we observed in the MLNs was caused by the deficient
migration of CD103* DCs from the PPs in the PP-null mice. The
protective role of PPs in NSAID-induced enteropathy is pre-
sumed to not only be conferred through the induction of regu-
latory IL-10-expressing CD4" T cells but also through an
indirect mechanism in which luminal antigens are delivered to
the MLNs by CD103* DCs from the PPs. The migration of
CD103* DCs to the MLNs has been reported to be enhanced
after oral or systemic adjuvant administration.*” Because
CD103* DCs are also present in the human MLNs and mucosa
with similar properties and functions as in mice,? it is important
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to investigate the function of CD103* DCs in humans to evalu-
ate future therapeutic targets of inflammatory diseases in the gut.
To date, drugs that are highly effective in preventing mucosal
injury in the SI are not available. To explore oral nutrition ther-
apy or medication to induce the immune-suppressive cells, e.g.
CD103* DCs, in GALT might be effective to reduce SI injury in
NSAID users, and we are now working on it.

Enteric gram-negative bacteria are reported to contribute
significantly to NSAID-induced intestinal damage.*'**?°254¢ These
reports are supported by a study that demonstrated that mice lacking
Toll-like receptor 4 do not develop intestinal damage when given
NSAIDs,* and we also showed that indomethacin-induced enterop-
athy was improved in both WT and PP-null mice after the antibiotics
treatment. However, even after the depletion of commensal bacteria,
the PP-null mice showed more severe indomethacin-induced enter-
opathy, a significantly lower proportion of CD103* DCs in their
MLNs and a significantly lower proportion of IL-10-producing
CDA4* T cells in their SI-LP than the WT mice. In addition, neither
major difference in the intestinal microflora by metagenomic analysis
(data not shown) nor difference in the Toll-like receptor 4 expression
in SI-LP (Fig., Supplemental Digital Content 7, http:/links.lww.com/
IBD/A440) was evident between the PP-null and WT mice. These
data revealed that the protective effects of PPs in indomethacin-
induced enteropathy are independent of the commensal gut flora.
We previously reported that opportunistic bacteria, primarily Alcali-
genes species, inhabit the PP interior and cannot be depleted by oral
antibiotic treatment.*’ The bacteria that inhabit the PPs might trigger
the phenotypic changes observed during NSAID-induced enteropa-
thy, but more studies are required to evaluate this hypothesis.

In conclusion, we demonstrated that PPs regulate NSAID-
induced enteropathy through the induction of CD103* DCs and
IL-10-producing CD4* T cells in the GALT, independently of the
commensal bacteria in the gut. Further study may provide an
alternate therapeutic strategy using an immunological mechanism
to regulate NSAID-induced enteropathy.

REFERENCES

1. Sinha M, Gautam L, Shukla PK, et al. Current perspectives in NSAID-
induced gastropathy. Mediators Inflamm. 2013;2013:258209.

2. Yamamoto H, Sekine Y, Sato Y, et al. Total enteroscopy with a nonsurgical
steerable double-balloon method. Gastrointest Endosc. 2001;53:216-220.

3. Fujimori S, Seo T, Gudis K, et al. Diagnosis and treatment of obscure
gastrointestinal bleeding using combined capsule endoscopy and double bal-
loon endoscopy: 1-year follow-up study. Endoscopy. 2007;39:1053-1058.

4. Bjarnason I, Hayllar J, MacPherson Al, et al. Side effects of nonsteroidal
anti-inflammatory drugs on the small and large intestine in humans. Gas-
troenterology. 1993;104:1832-1847.

5. Higuchi K, Umegaki E, Watanabe T, et al. Present status and strategy of
NSAIDs-induced small bowel injury. J Gastroenterol. 2009;44:879-888.

6. lijima H, Takahashi [, Kiyono H. Mucosal immune network in the gut for
the control of infectious diseases. Rev Med Virol. 2001;11:117—133.

7. Tsuji NM, Mizumachi K, Kurisaki J. Interleukin-10-secreting Peyer’s
patch cells are responsible for active suppression in low-dose oral toler-
ance. Immunology. 2001;103:458-464.

8. Chen Y, Inobe J, Marks R, et al. Peripheral deletion of antigen-reactive
T cells in oral tolerance. Nature. 1995;376:177-180.

9. Coombes JL, Powrie F. Dendritic cells in intestinal immune regulation.
Nat Rev Immunol. 2008;8:435-446.

798 | wwwibdjournal org

Copyrighi © 2044 Crohe's & Collils Fourdetion of America

2y

2

10.

14.

15.

16.

20.

21.

22.

23.

24.

25.

26.
27.
28.

29.

30.

31

32.

33.

34.

ing. Unauthorized regrogduction of this axticle i

— 447 —

Scott CL, Aumeunier AM, Mowat AM. Intestinal CD103+ dendritic cells:
master regulators of tolerance? Trends Immunol. 2011;32:412-419.

. Coombes JL, Siddiqui KR, Arancibia-Carcamo CV, et al. A functionally

specialized population of mucosal CD103+ DCs induces Foxp3+ regula-
tory T cells via a TGF-beta and retinoic acid-dependent mechanism. J Exp
Med. 2007;204:1757-1764.

. Annacker O, Coombes JL, Malmstrom V, et al. Essential role for CD103

in the T cell-mediated regulation of experimental colitis. J Exp Med. 2005;
202:1051-1061.

. Jaensson E, Uronen-Hansson H, Pabst O, et al. Small intestinal CD103+

dendritic cells display unique functional properties that are conserved
between mice and humans. J Exp Med. 2008;205:2139-2149.

Kunisawa J, Takahashi I, Okudaira A, et al. Lack of antigen-specific
immune responses in anti-IL-7 receptor alpha chain antibody-treated
Peyer’s patch-null mice following intestinal immunization with microen-
capsulated antigen. Eur J Immunol. 2002;32:2347-2355.

Aicher WK, Fujihashi K, Yamamoto M, et al. Effects of the Ipr/lpr muta-
tion on T and B cell populations in the lamina propria of the small
intestine, a mucosal effector site. Int Immunol. 1992;4:959-968.
Vereecke L, Sze M, Mc Guire C, et al. Enterocyte-specific A20 deficiency
sensitizes to tumor necrosis factor-induced toxicity and experimental coli-
tis. J Exp Med. 2010;207:1513-1523.

. Hunter MM, Wang A, Parhar KS, et al. In vitro-derived alternatively

activated macrophages reduce colonic inflammation in mice. Gastroenter-
ology. 2010;138:1395-1405.

. Pot C, Jin H, Awasthi A, et al. Cutting edge: IL-27 induces the transcrip-

tion factor c-Maf, cytokine [L-21, and the costimulatory receptor ICOS
that coordinately act together to promote differentiation of IL-10-
producing Trl cells. J Immunol. 2009;183:797-801.

. Spolski R, Kim HP, Zhu W, et al. IL-21 mediates suppressive effects via

its induction of IL-10. J Immunol. 2009;182:2859-2867.

Apetoh L, Quintana FJ, Pot C, et al. The aryl hydrocarbon receptor inter-
acts with c-Maf to promote the differentiation of type 1 regulatory T cells
induced by IL-27. Nat Immunol. 2010;11:854-861.

Robert A, Asano T. Resistance of germfree rats to indomethacin-induced
intestinal lesions. Prostaglandins. 1977;14:333-341.

Uejima M, Kinouchi T, Kataoka K, et al. Role of intestinal bacteria in ileal
ulcer formation in rats treated with a nonsteroidal antiinflammatory drug.
Microbiol Immunol. 1996;40:553-560.

Konaka A, Kato S, Tanaka A, et al. Roles of enterobacteria, nitric oxide
and neutrophil in pathogenesis of indomethacin-induced small intestinal
lesions in rats. Pharmacol Res. 1999;40:517-524.

Watanabe T, Higuchi K, Kobata A, et al. Non-steroidal anti-inflammatory
drug-induced small intestinal damage is Toll-like receptor 4 dependent.
Gut. 2008;57:181-187.

Endo H, Higurashi T, Hosono K, et al. Efficacy of Lactobacillus casei
treatment on small bowel injury in chronic low-dose aspirin users: a pilot
randomized controlled study. J Gastroenterol. 2011;46:894-905.
Montalto M, Gallo A, Gasbarrini A, et al. NSAID enteropathy: could
probiotics prevent it? J Gastroenterol. 2013;48:689-697.

Kalinski P. Regulation of immune responses by prostaglandin E2.
J Immunol. 2012;188:21-28.

Betz M, Fox BS. Prostaglandin E2 inhibits production of Thl lympho-
kines but not of Th2 lymphokines. J Immunol. 1991;146:108-113.
Snijdewint FG, Kalinski P, Wierenga EA, et al. Prostaglandin E2 differ-
entially modulates cytokine secretion profiles of human T helper lympho-
cytes. J Immunol. 1993;150:5321-5329.

van der Pouw Kraan TC, Boeije LC, Smeenk RJ, et al. Prostaglandin-E2
is a potent inhibitor of human interleukin 12 production. J Exp Med. 1995;
181:775-779.

Baratelli F, Lin Y, Zhu L, et al. Prostaglandin E2 induces FOXP3 gene
expression and T regulatory cell function in human CD4+ T cells.
J Immunol. 2005;175:1483-1490.

Soontrapa K, Honda T, Sakata D, et al. Prostaglandin E2-prostaglandin E
receptor subtype 4 (EP4) signaling mediates UV irradiation-induced sys-
temic immunosuppression. Proc Natl Acad Sci U S A. 2011;108:6668-6673.
Neutra MR, Mantis NJ, Krachenbuhl JP. Collaboration of epithelial cells
with organized mucosal lymphoid tissues. Nat Immunol. 2001;2:1004-1009.
Laffont S, Siddiqui KR, Powrie F. Intestinal inflammation abrogates the
tolerogenic properties of MLN CD103+ dendritic cells. Eur J Immunol.
2010;40:1877-1883.

prostibited,



Inflamm Bowel Dis * Volume 20, Number 5, May 2014

Peyer’s Patches Ameliorate NSAID Enteropathy

35.

36.

37.

38.

39.

40.

Maynard CL, Harrington LE, Janowski KM, et al. Regulatory T cells
expressing interleukin 10 develop from Foxp3+ and Foxp3- precursor
cells in the absence of interleukin 10. Nat Immunol. 2007,8:931-941,
Yamada S, Naito Y, Takagi T, et al. Reduced small-intestinal injury induced
by indomethacin in interleukin-17A-deficient mice. J Gastroenterol Hepa-
tol. 2011;26:398-404.

Takayama N, Igarashi O, Kweon MN, et al. Regulatory role of Peyer’s
patches for the inhibition of OVA-induced allergic diarrhea. Clin Immu-
nol. 2007;123:199-208.

Hashizume T, Togawa A, Nochi T, et al. Peyer’s patches are required for
intestinal immunoglobulin A responses to Salmonella spp. Infect Imnmun.
2008;76:927-934.

Spabn TW, Herbst H, Rennert PD, et al. Induction of colitis in mice
deficient of Peyer’s patches and mesenteric lymph nodes is associated
with increased disease severity and formation of colonic lymphoid
patches. Am J Pathol. 2002;161:2273~-2282.

Kwa SF, Beverley P, Smith AL. Peyer's patches are required for the
induction of rapid Thl responses in the gut and mesenteric lymph nodes
during an enteric infection. J Immunol. 2006;176:7533-7541.

Dopyright © 2014 Crohn's £ Colltls Poundation of A

41.

42.

43,

44.

45.

46.

47.

Yoshida H, Honda K, Shinkura R, et al. IL-7 receptor alpha+ CD3(-) cells
in the embryonic intestine induces the organizing center of Peyer’s
patches. /nt Immunol. 1999;11:643-655.

Yamamoto M, Rennert P, McGhee JR, et al. Alternate mucosal immune
system: organized Peyer’s patches are not required for IgA responses in
the gastrointestinal tract, .J Immunol. 2000;164:5184-5191.

Mora JR, Bono MR, Manjunath N, et al. Selective imprinting of gut-
homing T cells by Peyer’s patch dendritic cells. Nature. 2003;424:88-93.
Macpherson A, Uhr T, Induction of protective IgA by intestinal dendritic
cells carrying commensal bacteria, Science. 2004;303:1662-1665.
Schulz O, Jaensson E, Persson EK, et al, Intestinal CD103+, but not
CX3CRI+, antigen sampling cells migrate in lymph and serve classical
dendritic cell functions. J Exp Med. 2009;206:3101-3114.

Hagiwara M, Kataoka K, Arimochi H, et al. Role of unbalanced growth of
gram-negative bacteria in ileal ulcer formation in rats treated with a non-
steroidal anti-inflammatory drug. J Med Invest. 2004;51:43-51.

Obata T, Goto Y, Kunisawa J, et al. Indigenous opportunistic bacteria inhabit
mammalian gut-associated lymphoid tissues and share a mucosal antibody-
mediated symbiosis. Proc Natl Acad Sci U S A. 2010;107:7419-7424.

wwwibdjournalorg | 799

dea, e Unsuthorized regroduction of ihis articds s prohibliad,

— 448 —



Send Orders for Reprints to reprints@benthamscience.net

Current Pharmaceuntical Design, 2014, 20, 879-885 879

Flavonoids for Allergic Diseases: Present Evidence and Future Perspective
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Abstract: The prevalence of allergic diseases has increased worldwide during the past two decades. Change of dietary habit is thought to
be one of the environmental factors, which has caused such an increase and worsened allergic symptoms, which suggests that an appro-
priate dietary habit may substantially prevent the onset of allergic diseases and ameliorate allergic symptoms. Flavonoids, which are
polyphenolic plant secondary metabolites ubiquitously present in vegetables, fruits and beverages, possess antioxidant and anti-allergic
activities as well as immune-modulating traits. Flavonoids inhibit the activation of mast cells and basophils and therefore suppress the re-
lease of chemical mediators, synthesis of Th2 type cytokines such as interleukin (IL)-4 and IL-13, and CD40 ligand expression, They
also reportedly inhibit IL-4-induced signal transduction and affect the differentiation process of naive CD4+ T cells into effector T cell
subsets. A cohort epidemiological study in Finland found a significantly low incidence of asthma in a population with a high intake of
flavoneids. Moreover, various studies of flavonoids in allergic models such as asthma, atopic dermatitis, anaphylaxis and food allergy
demonstrated their beneficial effects, while experience in humans is at the moment limited to respiratory allergy. Although further valida-
tion is required, it is anticipated that an appropriate intake of flavonoids may play a role in the prevention and eventually in the manage-

ment of allergic diseases.

Keywords: Allergic rhinitis, allergy, asthma, complementary and alternative medicine, dietary treatment, flavonoid, prevention.

INTRODUCTION

The prevalence of allergic diseases including allergic rhinitis,
asthma, atopic dermatitis and food allergy has increased worldwide
during the past two decades {1, 2]. It is believed that the interaction
between environmental and genetic factors causes individuals to be
sensitized to environmental allergens and to suffer from these dis-
eases [3-5]. Since foods and beverages contain both allergy-
promoting and anti-allergic nutrients, it has been proposed that
change of dietary habit may be one of the environmental factors
responsible for the increase [6-10]. Vitamins A, C, D and E, miner-
als such as selenium, copper, zinc and magnesium, probiotics, and
omega-3 polyunsaturated fatty acids (PUFAs) as well as polyphe-
nols have been shown to possess anti-allergic properties. Con-
versely, omega-6 PUFAs are precursors for leukotriene C4, which
is known to promote allergic inflammation. Flavonoids, on the
other hand, which are polyphenolic plant secondary metabolites,
can have powerful antioxidant and anti-allergic activities as well as
immune-modulating effects [11, 12]. This review article discusses
the possibility that an appropriate intake of flavonoids may play a
role in the prevention and eventually in the management of allergic
diseases on the basis of recent findings.

FLAVONOIDS MODULATE IGE-MEDIATED IMMUNE
RESPONSE :

Fifteen years ago we evaluated the clinical effect of one kind of
traditional vegetarian diet on 20 adult patients with atopic dermati-
tis. The patients were given a glass of fresh vegetable juice corre-
sponding to 250 g of fresh vegetables including spinach, komatsuna
(brassica rapa var. perviridis), cabbage, pak-choi, and garland chry-
santhemum at breakfast. For lunch and dinner, brown rice porridge
corresponding to 80 g of brown rice sprinkled with 5 g of kelp
powder, soybean curd (tofu: wet weight approximately 200 g) and
10 g of sesame paste. Instead of water, the patients were given per-
simmon leaf tea (1-2 Vday). After a two-month treatment,
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the value of severity of dermatitis evaluated by the scoring atopic
dermatitis (SCORAD) had decreased significantly from 49.9+18.6
to 27.4:16.8 in association with a reduction in the urinary secretion
of 8-hydroxy-2’-deoxyguanosine, one of markers of oxidative DNA
damage [13, 14]. What factor(s) caused this amelioration of derma-
titis remained unknown but it was found that one of the characteris-
tics of this vegetarian diet was a high daily intake of flavonoids.

Flavonoids comprise a large group of low-molecular-weight
polyphenolic plant metabolites that are found in fruits, vegetables
and beverages, and thus are common substances in the daily diet
[11, 12]. Flavonoids, which share a common structure consisting of
2 aromatic rings (A and B) that are bound together by 3 carbon
atoms that form an oxygenated heterocycle (ring C), are classified
into 6 subclasses: flavones (including luteolin and apigenin), fla-
vonols (fisetin, kaempferol, quercetin and myricetin) (Fig. 1),
flavanones (hesperetin, naringenin, and eriodictyol), isoflavones
(daidzein and genistein), anthocyanidins (cyanidin and pelar-
gonidin) and flavanols (catechins and proanthocyaniding) [15]. It
has been shown that flavonoids exert various biclogical activities,
that is, antioxidant, anti-inflammatory, anticarcinogenic, anti-
obesity, anti-diabetic and immune-modulating effects as well as
anti-allergic effects {11, 12, 16-21], and epidemiological evidence
of the role of flavonoid intake against the risk of chronic diseases is
promising [22, 23].

IgE-mediated immune responses consist of sensitization phase
and effector phase. Flavonoids have been shown to possess anti-
allergic properties affecting both phases. Fewtress and Gomperts
first reported the inhibition of histamine secretion by flavones in rat
mast cells [24], which was followed by the discovery of the inhibi-
tion of allergen-stimulated human basophils by quercetin [25, 26].
Flavonoids were also found to suppress hexosaminidase release
from rat mast cells [27] and cysteinyl leukotriene synthesis through
inhibition of phospholipase A, and S5-lipoxygenase [28, 29].
Moreover, luteolin, quercetin and baicalein were found to inhibit
the synthesis of granulocyte macrophage-colony stimulating factor
(GM-CSF) by human cultured mast cells in response to cross-
linkage of a high-affinity IgE receptor, FceRI [30], and it was sub-
sequently demonstrated that these flavonoids inhibited IgE-
mediated tumor necrosis factor (TNF)-¢ and interleukin (IL)-6
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Fig. (1). Structure of basic flavonoid skeletons and representative flavones and flavonols

EMIQ; enzymatically modified isoquercitrin

production by murine mast cells [31]. In addition, we found that
some kinds of flavonoids possessed the inhibitory activity of IL-4
and IL-13 synthesis by either allergen- or anti-IgE antibody-
stimulated peripheral blood purified basophils. Among 45 kinds of
flavones, flavonols and their related compounds examined, luteolin,
apigenin and fisetin were the most powerful inhibitors and the half-
maximal inhibitory concentration (ICsp) value of these flavonoids
for inhibition of IL-4 synthesis ranged from 2.7 to 5.8 pM [32-34].
Quercetin and kaempferol, which are representative of flavonoids
associated with a substantial daily intake, were found to have a
moderate but substantial inhibitory effect on IL-4 synthesis with an
ICsp value of 15.7-18.8 uM, but myrieetin showed no such effect
even at 30 uM. These analyses of structure-activity relationship
determined the fundamental structure of flavonoids for the activity
and for the maximal inhibition, the presence of OH in positions 7
and 4’ is essential and additionally that in either position 3 or 5 is
required (Fig. 1). Similarly, luteolin, apigenin and fisetin also sup-
pressed CD40 ligand expression by activated basophils, whereas
myricetin did not reveal such an effect [35]. Both the interaction of
CD40 ligand with CD40 and the action of IL4 or IL-13 on B cells
are required for B cells to differentiate into IgE-secreting cells [36],
so that flavonoids such as luteolin, apigenin and fisetin are potential
natural IgE inhibitors. '

In addition to the inhibitory effect of flavonoids on IL-4 and IL-
13 synthesis in FceRI-expressing cells, kaempfero] reportedly in-
hibits the IL-4-induced signal transducer and activator of transcrip-
tion (STAT)6 activation by targeting Janus kinase (JAK)3 in hema-
topoietic cell lines, which thus constitutes another anti-allergic ac-
tivity of flavonoids [37].

The aryl hydrocarbon receptor (AhR) is a ligand-activated tran-
scriptional factor involved in the regulation of biological responses
to planar aromatic hydrocarbons such as dioxins [38]. An AhR-
based in vitro bioassay of the dioxin [2,3,7 8-tetrachlorodibenzo-p-
dioxin (TCDD)] revealed that apigenin, luteolin, baicalein, quer-
cetin, kaempferol and myricetin had noticeable inhibitory effects on
AhR activation with an ECy value (equal to 70% of the maximal

response to TCDD) of 1.9-5.1 uM, whereas marked AhR activation
was shown by daidzein, resveratrol, naringenin and baicalein at
higher concentrations [39]. It has recently been shown that AhR
regulates the differentiation of naive CD4+ T cells into effector T
cell subsets [40-43], which suggests that flavonoids can modulate
immune functions through their binding to AhR.

Moreover, the presence of flavonoids in an allergic source may
directly modulate the allergenicity of a particular protein [44], and
flavonoids are potential to alter gut microecology and, by affecting
the beneficial microflora in the gut, may confer positive gut health
benefits and have some influence on food allergy as well [45].

EPIDEMIOLOGICAL REPORTS ON THE RELATIONSHIP
BETWEEN FLAVONOID INTAKE AND ASTHMA

Several epidemiological studies have reported that a high intake
of fresh fruit and vegetables, both of which include flavonoids, may
provide protection against asthma [46, 47]). A population-based
case-control study of 607 cases and 864 controls in South London,
UK indicated that apple consumption was negatively associated
with asthma while red wine intake was negatively associated with
asthma severity {48]. The authors speculated that the associations
between apple and red wine consumption and asthma might indi-
cate a protective effect of flavonoids. The subsequent study of die-
tary intake of catechins, flavonols and flavones by the same re-
search group, however, did not find any significant association with
asthma prevalence and severity [49]. A cohort epidemiological
study of 10,054 adults in Finland concerning the association be-
tween flavonoid intake and chronic diseases found that asthma inci-
dence was lower at higher quercetin and hesperetin intakes [50].

A longitudinal birth cohort study of maternal intake during
pregnancy, in which 1,253 children participated at 5 years, reported
that maternal apple intake was beneficially associated with ever-
wheeze, ever-asthma and doctor-confirmed asthma in children [51].
The Irish Life-ways Cross-Generation Cohort Study reported an
association between high matemal fruit and vegetable intake during
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Fig. (2). Effects of enzymatically modified isequercitrin on allergic symptoms caused by Japanese cedar pollinosis
The ameliorative effect of enzymatically modified isoquercitrin (EMIQ) on the total symptom (nasal and ocular symptoms)+medication scores and total symp-

tom scores related to Japanese cedar pollinosis in 2007 {97] and 2008 [98].

pregnancy and reduced likelihood of asthma for 632 three-year-old
children [52].

These findings mentioned here suggest that higher flavonoid
intake is beneficial for asthma. However, there have been so far few
reports of epidemiological studies examining direct associations
between flavonoid intake and the prevalence or incidence of
asthma. Recent development of databases of the flavonoid content
of vegetables, fruits and beverages such as by the US Department
of Agriculture (USDA) [53], the European BioActive Substances in
Food Informative System (EuroFIR-BASIS) [54] and the Phenol-
Explorer [55, 56] can definitely contribute to epidemiological stud-
ies aimed at clarifying the relationship between flavonoid intake
and the prevalence, incidence or severity of asthma. By using the
Phenol-Explorer database, the total intake of flavonoids was re-
ported to be an average amount of 506 mg/day with 51 mg/day of
flavonols and 33 mg/day of flavones in France [57], 370.2 mg/day
with 24.8 mg/day of flavonols and 5.6 mg/day of flavones in Medi-
terranean countries and 373.7 mg/day with 29.5 mg/day of fla-
vonols and 4.1 mg/day of flavones in non-Mediterranean countries
[58].

EFFECT OF FLAVONOIDS IN ALLERGIC ANIMAL MOD-

ELS

Based on the anti-allergic and immune-modulating characteris-
tics of flavonoids observed in vifro, it was anticipated that admini-

stration of flavonoids might produce beneficial effects on allergic
diseases. NC/Nga mice are considered to be atopic dermatitis model
mice and spontaneously develop severe eczema, scratching behav-
iour and serum IgE elevation with aging under nonspecific patho-
gen-free conditions {59]. To determine the preventive effect of
flavonoids, the mice were orally given astragalin, kaempferol
3’glucoside (1.5 mg/kg) (Fig. 1) or a control diet before the onset of
dermatitis. Development of dermatitis, scratching behaviour and
serum IgE elevation with aging were observed in the control group
whereas oral intake of astragalin markedly prevented the appear-
ance of the skin symptoms, scratching behaviour and serum IgE
elevation [60]. Moreover, astragalin had a therapeutic effect on the
dermatitis [61]. It was shown with NC/Nga mice that administration
of an extract from petals of Impatiens balsamina L., containing
kaempferol 3-rutinoside and 2-hydroxy-1.4-naphthoquinone as
active ingredients [62], of apigenin [63], or of baicalein [64] sup-
pressed skin lesions.

It was further demonstrated that in an asthmatic mouse model
sensitized with ovalbumin (OVA) oral adminisiration of luteolin,
even as little as 0.1 mg/kg, led to a significant suppression of bron-
chial hyper-reactivity and bronchoconstriction [65]. It was also
reported that a polymethoxyflavonoid nobiletin, when administered
intraperitoneally to OV A-sensitized rats at a dose of 1.5 or 5 mg/kg,
could reduce OVA-induced increases in eosinophils and eotaxin
expression [66]. Subsequent investigations found that numerous
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flavonoids such as quercetin, isoquercitrin, rutin, 3-O-methyl-
quercetin 5,7,3°,4°-O-tetraacetate, narirutin, apigenin, luteolin, sul-
furetin, hesperdin, fisetin, kacmpferol, acacetin, silibinin, naringin,
limonene, chrysin, genistein, and skullcapflavone II produced im-
provement in asthmatic models [67-88]. Moreover quercetin effec-
tively quelled peanut-induced anaphylactic reactions in peanut-
sensitized rats. [89].

HUMAN INTERVENTION STUDIES USING FLAVONOIDS

These findings regarding the in vitre and in vivo anti-allergic
properties of flavonoids support the idea that an appropriate intake
of flavonoids may ameliorate allergic symptoms and/or prevent the
onset of allergic diseases in humans [34, 90-93]. Indeed, the results
of previous several clinical studies using flavonoid extracts indicate
that flavonoids have beneficial effects on symptoms related to al-
lergic rhinitis [94-98]. The extracts examined were Perilla frutes-
cens (rosmarinic acid as a major flavonoid), apple polyphenols
(procyanidins, or apple condensed tannin, catechin, epicatechin,
phlorizin, and chlorogenic acid), hop water extract (quercetin and
kaempferol glycosides), and tomato extract (naringenin chalcone).
However, the direct effect of flavonoids on allergic symptoms re-
mained unknown.

Enzymatically modified isoquercitrin (EMIQ) is a guercetin
glycoside that consists of isoquercitrin and its maltooligosaccha-
rides (Fig. 1), and is manufactured from rutin through an enzymatic
modification, which markedly enhances the bioavailability [99].
This flavonoid is approved as a food additive in Japan. Clinical
trials to evalnate efficacy of EMIQ for Japanese cedar pollinosis
were performed in 2007 and 2008 [100, 101]. In a parallel-group,
double-blind, placebo-controlled design, patients with Japanese
cedar pollinosis were randomly assigned to the EMIQ group or the
placebo group. The EMIQ capsule contained 50 mg EMIQ, while
the placebo capsule looked identical to the EMIQ capsule. The
2007 study began after the pollen had dispersed and thus examined
the therapeutic effect of EMIQ, while the 2008 study began 3
weeks before the first day of pollen dispersion to evaluate the pre-
ventive effect of EMIQ on symptoms of pollinosis. The daily intake
for these studies was 100 mg EMIQ for 8 weeks. The respective
total symptom (nasal and ocular symptoms)+medication scores and
total symptom scores of the two studies are shown in (Fig. 2). The
scores for the EMIQ groups in the 2007 and 2008 trials were opti-
mally lower by 48% and 33-35%, respectively, compared with the
scores for the placebo groups, indicating substantial ameliorative
effect of EMIQ. In addition, a randomized clinical trial of silymarin
demonstrated its statistically effective role in alleviating the sever-
ity of allergic rhinitis symptoms {102]. A randomized, double-blind,
placebo-controlled study of pycnogenol [103], a proprietary mix-
ture of water-soluble bioflavonoids extracted from French maritime
pine, which contains proanthocyanidines, showed its ameliorative
effect on seasonal allergic rhinitis symptoms.

Pycnogenol was also effective for asthma. The first study was

performed to evaluate its effect on asthma in a randomized, double-
" blinded, placebo-controlled, crossover design in which 26 patients
with varying asthma severity were enrolled [104]. The patients
were randomly assigned to receive either 1| mg/b/day (maximum
200 mg/day) pycnogenol or a placebo for 4 weeks and then crossed
over to the alternate regimen for the next 4 weeks. 22 patients who
completed the study responded favorably to pyecnogenol and
pycnogenol treatment led to a significant reduction in serum leukot-
rienes compared with the response fo the placebo. Subsequently, a
randomized, placebo-controlled, double-blind study involving 60
asthmatic patients, aged 6-18 years old was performed to evaluate
the effect of pycnogenol on mild-to-moderate asthma [105]. Com-
pared with the placebo group, the pycnogenol group showed sig-
nificantly greater improvement in lung function and asthmatic
symptoms in association with a significant reduction in urinary
leukotrienes at 3 months, which resulted in a reduction in or discon-

Toshio Tanaka

tinuation of the use of rescue inhalers in the pycnogenol group.
Another recent study, which evaluated for six months the efficacy
of pycnogenol for improving allergic asthma management of pa-
tients, also showed a favorable result [106]. In this study, a daily
dosage of 100 mg of pycnogenol proved to be effective for better
control of signs and symptoms of allergic asthma and could reduce
the need for medication.

CONCLUSION

Allergy has become a common disease worldwide because of
its increasing rate of prevalence [1, 2], Dietary changes may con-
tribute to this increase as one of environmental factors [6-10], and
recent studies have shown that flavonoids, which have antioxidant
and anti-allergic activities as well as immune-modulating proper-
ties, exert their potent beneficial effect on allergic rhinitis as well as
asthma. Furthermore, recent development of databases of the fla-
vonoid content of foods and beverages [53-56] can definitely make
a contribution to epidemiological studies aimed at clarifying the
direct association between flavonoid intake and the prevalence,
incidence or severity of allergic diseases as well as to the develop-
ment of the dietary menu for allergic diseases. Whether an appro-
priate intake of flavonoids can in fact constitute a dietary manage-
ment for the prevention and amelioration of allergic diseases is thus
an important issue for future studies. To achieve this goal, further
well-designed, adequately powered trials are needed to determine
the value of this dietary management [107, 108]. Moreover, some
issues need to be addressed such as the modulating potency of the
different flavonoids, the characterization of the bioavailability, the
safety of long term administration, the administration route of fla-
vonoids and the precise effect on cells on different anatomic sites.
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ABBREVIATIONS

PUFA = Polyunsaturated fatty acid

SCORAD = Scoring atopic dermatitis

GM-CSF = Granulocyte macrophage-colony stimulat-
ing factor

TNF = Tumor necrosis factor

1L = Interleukin

1Csq D= Half-maximal inhibitory concentration

STAT = Signal transducer and activator of tran-

' scription

JAX = Janus kinase ,

AbR = Aryl hydrocarbon receptor

TCDD = 2,3,78-tetrachlorodibenzo-p-dioxin

USDA US Department of Agriculture

EuroFIR-BASIS = European BioActive Substances in Food
Informative System

OVA = Ovalbumin

EMIQ = Enzymatically modified isoquercitrin
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Phase III Study of the Efficacy and Safety of
Subcutaneous Versus Intravenous Tocilizumab
Monotherapy in Patients With Rheumatoid
Arthritis

ATSUSHI OGATA,* KAZUHIDE TANIMURA,? TOYOHIKO SUGIMOTO,® HIROSHI INOUE,*
YUKITOMO URATA,* TSUKASA MATSUBARA,* MASAKAZU KONDO,” YUKITAKA UEKIL?
MITSUHIRO IWAHASHI,? SHIGETO TOHMA,*® SHUJI OHTA,** YUKIHIKO SAEKI,"?
TOSHIO TANAKA,* ano THE MUSASHI STUDY INVESTIGATORS

Objective. To evaluate the efficacious noninferiority of subcutaneous tocilizumab injection (TCZ-SC) monotherapy to
intravenous TCZ infusion (TCZ-IV) monotherapy in Japanese patients with rheumatoid arthritis (RA) with an inadequate
response to synthetic and/or biologic disease-modifying antirheumatic drugs (DMARDs).

Methods. This study had a double-blind, parallel-group, double-dummy, comparative phase III design. Patients were
randomized to receive TCZ-SC 162 mg every 2 weeks or TCZ-IV 8 mg/kg every 4 weeks; no DMARDs were allowed during
the study. The primary end point was to evaluate the noninferiority of TCZ-SC to TCZ-IV regarding the American College
of Rheumatology criteria for 20% improvement in disease activity (ACR20) response rates at week 24 using an 18%
noninferiority margin. Additional efficacy, safety, pharmacokinetic, and immunogenicity parameters were assessed.
Results. At week 24, ACR20 response was achieved in 79.2% (95% confidence interval [95% CI] 72.9, 85.5) of the TCZ-SC
group and in 88.5% (95% CI 83.4, 93.5) of the TCZ-IV group; the weighted difference was —9.4% (95% CI —17.6, —1.2),
confirming the noninferiority of TCZ-SC to TCZ-IV. Remission rates of the Disease Activity Score in 28 joints using the
erythrocyte sedimentation rate and the Clinical Disease Activity Index at week 24 were 49.7% and 16.4% in the TCZ-SC
group and 62.2% and 23.1% in the TCZ-IV group, respectively. Serum trough TCZ concentrations were similar between
the groups over time. Incidences of all adverse events and serious adverse events were 89.0% and 7.5% in the TCZ-SC
-group and 90.8% and 5.8% in the TCZ-IV group, respectively. Anti-TCZ antibodies were detected in 3.5% of the TCZ-SC
group; no serious hypersensitivity was reported in these patients.

Conclusion. TCZ-SC monotherapy demonstrated comparable efficacy and safety to TCZ-IV monotherapy. TCZ-SC could
provide additional treatment options for patients with RA.

INTRODUCTION

Tocilizumab (TCZ) is a humanized monoclonal antibody
directed against the interleukin-6 (IL-6) receptor that is
approved for the treatment of patients with rheumatoid
arthritis (RA), polyarticular-course and systemic juvenile
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idiopathic arthritis, and Castleman’s disease by intrave-
nous (IV) administration. Multiple phase III trials of TCZ,
in combination with synthetic disease-modifying anti-
rheumatic drugs (DMARDs) or as monotherapy, demon-
strated an improvement of clinical symptoms and preven-
tion of joint destruction (1-7).
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