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Food antigen causes Ty2-dependent
enteropathy followed by tissue repair
in T-cell receptor transgenic mice

Haruyo Nakajima-Adachi, PhD,? Ayumi Ebihara, MS,? Akira Kikuchi, MS,? Tsuyoshi
Ishida, MD,® Kiyomi Sasaki, BS,? Kiyomi Hirano,® Hiroko Watanabe, PhD,? Kazumi
Asai, PhD,? Yoshimasa Takahashi, PhD,® Yutaka Kanamori, MD,f Naoki Shimojo, MD,
PhD,° Hiroshi Matsuda, DVM, PhD,? Yoichi Kohno, MD, PhD,° Satoshi Hachimura,
PhD,? and Shuichi Kaminogawa, PhD" Tokyo, Chiba, and Kanagawa, Japan

Background: Clarification of the mechanisms underlying the
development of food-sensitive intestinal inflammation will
provide an important clue to combating food allergies.
Objective: To establish a model of intestinal inflammation
caused by oral administration of antigen without additional
treatments, we focused on the ovalbumin (OVA) 23-3 T-cell
receptor transgenic mouse, which had been reported to have
high serum antigen-specific IgE responses to the feeding of an
egg white diet.

Methods: Changes in body weight of mice fed an egg white diet
were monitored throughout the 28-day experimental period.
After the 28-day feeding, intestinal tissues were harvested for
histologic examination. Endogenous production of cytokines
and histamine in the jejunum, and production of cytokines
secreted by OVA-specific CD4* T cells purified from mesenteric
lymph nodes, were analyzed.

Results: Egg white diet-fed OVA23-3 mice developed weight
loss and inflammation with villous atrophy and goblet cell
hyperplasia, especially in the jejunum. A further characteristic
feature was evidence of weight recovery and tissue repair.
Jejunal inflammation was also observed in egg white diet-fed
recombination activating gene (RAG)-2—-deficient OVA23-3
mice. In addition, tissue sections revealed significant infiltration
of specific IgE-positive cells and IgE-positive degranulating
mast cells. Higher levels of IL-4 and significant levels of
histamine were detected in the tissues. In the supernatant of
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OVA-stimulated T cells, IL-10 levels were also markedly
elevated.

Conclusion: We report that high-dose and continuous intake
of primitive OVA alone induces enteropathy containing regions
under repair in OVA23-3 mice. Antigen-specific T cells and
inflammatory cells primed by Ty2 responses play important
roles in regulation of development and improvement of the
disease.

Clinical implications: Long-term antigen intake causes Tp2-
dependent and food-sensitive enteropathy followed by tissue
repair. (J Allergy Clin Immunol 2006;117:1125-32.)

Key words: T-cell receptor transgenic mouse, food-sensitive intesti-
nal inflammation, ovalbumin, food antigen intake, antigen-specific
T cells, IgE, mast cell, Ty2, histamine, tissue repair

Several animal studies have been performed to clarify
mechanisms underlying gastrointestinal hypersensitivities
or allergies caused by food-derived antigen and to enhance
progress toward diagnostic and/or protective measures
against them.'” In mouse models of food-sensitive
intestinal inflammation, there are numerous examples of
IgE-independent®” and IgE-dependent models®™® but
few of mixed models. Until now, almost all models have
been established by using adjuvant-associated antigens, :
injection of drugs concurrent with dietary antigen, or
microbial flora~associated antigen to promote systemic
or local sensitization initially and to overcome antigen-in-
duced oral tolerance.> However, these procedures do not
clarify how the intestinal immune system regulates the
induction of tolerance or of food-sensitive intestinal
inflammation.

Our previous studies of food allergy prompted us to
develop a mouse model of intestinal inflammation.'!!?
We focused on the transgenic mouse with a T-cell
receptor (TCR) recognizing ovalbumin (OVA) residues
323-339'% as a means of amplifying immunologic reac-
tions to orally administered antigens without using adju-
vant or other agents, because the mouse has been
reported to have specific-IgE responses to the 28-day
oral feeding with an egg white (EW) diet.'"* We have
noticed that these mice had a trend toward loose feces
after commencing the EW diet. Thus, we analyzed the
histology of their mucosal and immunologic tissues
and succeeded in developing a novel and unique mouse
model.
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Abbreviations used
AB: Alcian blue
BALB-mice: BALB/c mice
CN: Casein
CNB: Casein diet—fed BALB/c mice
DFS: Direct fast scarlet
EW: Egg white
EWB: Egg white diet-fed BALB/c mice
EWR: Egg white diet-fed RAG-2—deficient
BALB/c mice
FITC: Fluorescein isothiocyanate
MLN: Mesenteric lymph nodes
OVA: Ovalbumin
PAS: Periodic acid-Schiff
TB: Toluidine blue
TCR: T-cell receptor
Tg-mice: Ovalbumin 23-3 mice

METHODS

Animals

Ovalbumin 23-3 mice transgenic for OVA323-339-specific and
I-A%-restricted TCR-af (Va3/VB15) on a BALB/c genetic back-
ground were kindly provided by S. Habu (Tokai University School
of Medicine).* These mice were crossed with recombination activat-
ing gene (RAG)-2—deficient BALB/c-mice (BALB-mice) to establish
RAG-2~deficient OVA23-3 mice (Tg-mice). Animals were main-
tained in the Hoshino Animal Center (Chiba, Japan). Male mice
were used because female mice did not show clear weight changes.
Male BALB-mice were purchased from Clea Japan Inc (Tokyo,
Japan). They were housed under specific pathogen-free conditions.
Guidelines formulated by the University of Tokyo were followed
for the care and use of animals.

Ovalbumin administration

Seven-week-old male Tg-mice, RAG-2~deficient BALB-mice,
RAG-2-deficient Tg-mice, and BALB-mice were divided into
experimental groups as indicated both in figures and figure legends
and administered for 28 days with a range of experimental diets:
CE2-diet (Clea Japan Inc), EW diet, OVA diet, or casein (CN) diet
. (Funabashi Farm, Funabashi, Japan). The composition of experimen-
. tal diets is indicated in the Online Repository at www.jacionline.org.
By feeding EW diet and OV A diet, it is calculated that a mouse con-
. sumes about 250 mg OVA per day. During the experimental period,
_ the weight of each mouse was measured every 4 or 7 days. After the
_~ 28-day feeding, tissues were taken from each mouse for further anal-
ysis. Sera were obtained before and after feeding and stored at
—80°C. Concentrations of serum total IgE and OVA-specific IgE,
1gG,, and IgG,, were analyzed by ELISA and estimated as
described previously.'

Histologic analysis

Longitudinal sections of intestinal tissue (3 cm) were taken from
the duodenum, the jejunum (11 cm distal to duodenum), the ileum
(the superior part of cecum), and the colon (proximal and distal),
respectively. Tissues were opened longitudinally, fixed in 10%,
formalin and embedded in paraffin. Sections 3 or 5 pum thick were
prepared and stained with hematoxylin and eosin for morphologic
analysis, direct fast scarlet (DFS) to analyze eosinophils, periodic
acid-Schiff (PAS)~Alcian blue (AB) for visualization of goblet cells,
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and Toluidine blue (TB) to detect mast cells. Parameters and numbers
of mice used for quantification of intestinal tissue inflammation
are indicated in the Online Repository at www jacionline.org. For
analysis of inflammation by scanning electron microscopy, jejunal
sections were fixed in 2.5% glutaraldehyde and coated with gold.
Electron micrographs of these specimens were scanned by using an
S-3500N scanning electron microscope (Hitachi, Tokyo, Japan) and
stored for subsequent observation and analysis.

Immunohistochemical staining

Jejunum sections, 1 cm in length and 4 cm distal to duodenum,
were mounted in optimal cutting temperature compound (Tissue-tek;
Sakura, Tokyo, Japan). Cryosections (6 wm thick) were fixed with
acetone at —20°C. After rehydration with PBS, sections were blocked
overnight with antimouse CD16/CD32 Ab (2.4G2; Pharmingen, San
Diego, Calif) at 4°C and stained overnight with fluorescein isothiocy-
anate (FITC)-conjugated rat antimouse IgE (R35-72; Pharmingen)
or biotinylated rat antimouse IgE (R35-72; Pharmingen) at 4°C.
Biotinylated sections were incubated with streptavidin-horseradish
peroxidase (ZYMED, South San Francisco, Calif) followed by
DAB (Sigma, St Louis, Mo). IgE-positive mast cells were detected
by further counterstaining with TB. To detect ovalbumin-specific
IgE, FITC-labeled sections were further stained with biotinylated
OVA followed by streptavidin-Texas red (Roche, Tokyo, Japan).

Histamine and cytokine levels in whole
gut tissue homogenates

Four-centimeter sections of the jejunum immediately distal to the
duodenum were collected and processed according to the method of
van Halteren et al.’* Homogenates were centrifuged and supematants
used for determination of histamine levels by HPLC (Post-Colum
Reaction Systems; Waters Co, Milford, Mass). 1670 study the endog-
enous production of IFN~y, IL-4, and TNF-a, 6-cm sections of the
jejunum located 5 cm distal to the duodenum were collected and
processed. Protein lysates of the jejunum were prepared with a cock-
tail of proteinase inhibitors and centrifuged. Supernatants were
collected and concentrations of IL-4 and IFN-y assessed by ELISA
as described previously.'* The OptEIA ELISA Set was used for
TNF-a analysis according to the manufacturer’s instructions
(Pharmingen). Histamine and cytokine contents were standardized
to the weight of jejunum tissue in each sample.

Cell culture and cytokine measurements

Mesenteric lymph node (MLN) lymphocytes isolated from each
mouse fed with the CN diet or EW diet were pooled for each
experimental group. MLN CD4* T cells were positively identified by
using anti-CD4 mAb conjugated to immunomagnetic beads and
selected using a MACS cell separation system (Miltenyi Biotec,
Bergish Gladbach, Germany) according to the manufacturer’s proto-
col. The proportion of MLN CD4™ T cells was more than 94% in each
analysis. The MLN CD4™ T cells (1 X 10° cells/well) were added to
96-well flat-bottom plates and cultured in the absence or presence of
OVA (1 mg/mL) with mitomycin-treated splenocytes as antigen-
presenting cells (4 X 10° cells/well) in complete RPMI 1640.
Supernatants were collected 48 hours later and cytokine concen-
trations measured by ELISA (IFN-y, IL-4, IL-2, and IL-5). The
OptEIA ELISA Set was used for TNF-a and IL-10 analysis as
described.

Statistical analysis

Results are presented as the means = SDs. Weight change was
analyzed by using the Fischer’s Protect Least Significant Difference
test of multiple comparisons. The Mann-Whitney U test was used for
nonparametric analysis of levels of serum antibodies, histamine or
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FIG 1. A, Weight loss in EW diet-fed Tg-mice. (*P < .05). B, Increase in serum OVA-specific antibodies in EW
diet-fed Tg-mice. These data represent 4 independent experiments containing 3 to 6 mice in each group.
C, Increase in total IgE in EW diet~fed Tg-mice. In B and C, O and bars indicate antibody titers for each mouse

and the means, respectively. {(*P < .01).

cytokine production, and the numbers of inflammatory cells in the in-
testine. Differences were considered statistically significant for
values of P < .05.

RESULTS

Feeding of EW diet induces wasting diseases
and hyperproduction of serum antibody
in Tg-mice

Feeding Tg-mice with the EW diet caused loose feces
(see this article’s Fig El in the Online Repository at
www.jacionline.org). Body weight changes from day 0
revealed that EW diet—fed Tg-mice (Fig 1, A: EW) failed
to thrive from day 4, whereas from day 10 through day 28,
weight loss was significant compared with control groups
showing normal growth. However, body weights showed
a tendency to recover after the initial loss. Control groups
were composed of CE2 diet-fed Tg-mice (data not
shown), CN diet—fed Tg-mice (Fig 1, A: CN), EW diet-
fed BALB-mice (Fig 1, A: EWB), and CN diet—fed
BALB-mice (Fig 1, A: CNB), respectively. There were
no significant differences in volumes of experimental
diet consumed by mice in each group (data not shown).

As shown in Fig 1, B, OV A-specific IgE was detected
in some (but not all) EW diet—fed Tg-mice (Fig 1, B:
EW). Extensive induction of OVA-specific IgG, and
high levels of OVA-specific 1gG,, were detected in
EW diet-fed Tg-mice compared with control groups
(Fig 1, B: CN, EWB, and CE, CE2-diet-fed Tg-mice).

All of the EW diet—fed Tg-mice (Fig 1, C: EW) showed
significant total IgE responses compared with control
group (Fig 1, C: CN).

Villous morphologic changes in the jejunum
of EW diet-fed Tg-mice

Analysis of intestinal histology indicated that inflam-
mation associated with morphologic changes was
particularly noticeable in sections of the jejunum from
EW diet-fed Tg-mice (Fig 2, A: EW). Changes to the
jejunal tissue consisted of a thickened muscular layer,
crypt elongation, and villous atrophy, associated with
goblet cell hyperplasia and increased numbers of Paneth
cells. However, the severity of inflammation varied from
animal to animal in the 28-day feedings: inflammatory
regions were identified on all sequential segments in
some Tg-mice (Fig 2, A: EW-Jejunum; and Fig 2, B:
EW1), and in discrete areas of sequential segments in
others (partial villous atrophy, Fig 2, B: EW?2). The sever-
ity of inflammation showing partial villous atrophy was
moderate in general. A characteristic histologic feature
in this inflammatory process is villous blunting of the
mucosa. Villous blunting without significant inflammatory
cell infiltration as indicated in these panels is considered
to represent a moderate degree of inflammation under mu-
cosal repair. Thus, these panels provide morphologic
evidence of repair (Fig 2, B: EW3). PAS-AB staining
confirmed excess mucus in EW diet—fed Tg-mice (Fig 2,
B: EWI1-PAS, PAS-AB—stained EW1).
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FIG 2. A, Intestinal inflammation detected in EW diet-fed Tg-mice. B, Detailed jejunal inflammation, EW1,
EW2, and EW3 are panels from 3 different mice. C, Jejunal inflammation detected in EW diet-fed RAG-2—
deficient Tg-mice (EW). EW1, EW2, and EW3 are panels from 3 different mice.

The duodenum and ileum from Tg-mice with severe
inflammation in the jejunum also exhibited inflammation,
which in most cases was less severe than that of the
jejunum (Fig 2, A). Severe morphologic changes were not
observed in the large intestine, although half of the sec-
tions from EW diet—fed Tg-mice (7 of 14 animals) showed
polymorphonuclear leukocyte infiltration into the villous
site of the lamina propria, particularly in the distal colon.

In OVA diet-fed Tg-mice, similar weight loss, in-
creases in serum specific antibody titers, and inflammatory
responses were observed (Fig 2, B: OVA; see also Figs E2,
A, and E2, B, in the Online Repository at www.jacionline.
org). This result indicated that the OVA diet has the
same effects on the mouse as the EW diet, thereby
showing that purified OVA, and not other components
contained in EW, was the cause of the inflammation.
Alterations to the intestinal mucosa could not be found
in control groups (Fig 2, A: CE, CE2 diet-fed Tg-
mice; Fig 2, B: CN, CN diet—fed Tg-mice; EWB, EW

diet-fed BALB-mice, ovalbumin and CN diet-fed BALB-
mice, data not shown).

We further analyzed the histology of EW diet—fed
RAG-2—deficient Tg-mice. In these mice, severe weight
loss (data not shown) along with jejunal inflammation
were also observed (Fig 2, C: EW1, EW2, and EW3), but
not in control groups (Fig 2, C: CE, CE2 diet~fed RAG-2—~
deficient Tg-mice; CN, CN diet—fed RAG-2-deficient Tg-
mice; EWR, EW diet-fed RAG-2—deficient BALB-mice).
RAG-2-deficient Tg-mice with developed disease are de-
fective in local and serum IgE responses because of lack of
mature B cells (data not shown),'” and thereby have only
OVA-specific T cells. On the other hand, RAG-2~defi-
cient BALB-mice with undeveloped disease lack both
mature B cells and T cells. The results thus indicate that
specific T cells are indispensable in development of wast-
ing disease and its pathogenesis in EW diet—fed Tg-mice.

The severity of the morphologic changes was reflected
by the significant decrease in the villous height to crypt
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depth in EW diet—fed Tg-mice. Scanning electron micro-
graphs confirmed the results of hematoxylin and eosin
staining experiments (see this article’s Figs E3 and E4 in
the Online Repository at www.jacionline.org).

Predominant Ty2 responses in EW diet-fed
Tg-mice

Local cytokine production analysis in the jejunum
showed higher levels of IL-4 but undetectable levels of
IFN-y (data not shown) in EW diet—fed Tg-mice (Fig 3, A:
EW). IFN-y was also not detected in the control group
(CN diet—fed Tg-mice; data not shown). Significant differ-
ences in TNF-a production were not observed between
EW diet—fed and CN diet—fed Tg-mice (Fig 3, A: CN).

The cytokines of OVA-specific CD4™ T cells from
MLN indicated significantly higher levels of IL-4 and
IL-10 bat significantly lower levels of IFN-y production
were detected in EW diet—fed Tg-mice (Fig 3, B: EW)
compared with CN diet-fed Tg-mice (Fig 3, B: CN).
IL-5 was below levels of detection in both groups.
TNF-o¢ and IL-2 production was significantly induced
in CN diet-fed Tg-mice, whereas in EW diet-fed Tg-
mice, both cytokines were at lower levels. Similar but
lower production of cytokines of whole lymphocytes
and undetectable levels in cells other than CD4™ T cells
obtained from MLN (data not shown) suggested that
secretion of these cytokines depends on OVA-specific
CD4™" T cells in MLN.

Predominant infiltration of IgE-positive mast
cells into the jejunum of EW diet—-fed Tg-mice

We next investigated whether the higher titer of serum
IgE responses in EW diet-fed Tg-mice was reflected in the
prominent jejunal responses. IgE-positive mast cells, as
well as other IgE-positive cells, predominantly infiltrated
into the lamina propria near crypts or into submucosa of
the jejunum of these mice (Fig 4, A: EW). Extensive de-
granulation was detected in most IgE-positive mast cells.
Many of the IgE-positive cells in the villous lamina prop-
ria were predicted to be IgE-secreting plasma cells by fur-
ther staining with antibody for CD138 (data not shown).
An important result was detection of OV A-specific IgE-
positive cells in the jejunum of EW-diet-fed Tg-mice
(Fig. 4B), whereas IgE-positive cells and degranulation
of mast cells were absent in the jejunum of control group
(Fig4, A and C: CN, CN diet-fed Tg-mice). Furthermore,
local histamine levels in jejunal tissue of EW diet-fed
Tg-mice (Fig 4, C: EW) were significantly increased
compared with those of CN diet—fed Tg-mice, even there
was considerable variation within each group. Thus, orally
administered OVA induced mast cell degranulation trig-
gered by binding of specific IgE to mast cells. The
IgE-positive mast cells may therefore function by secret-
ing large amounts of histamine. Analysis of paraffin
embedded sections confirmed predominant infiltration of
mast cells into the jejunum and distal colon of EW diet—
fed Tg-mice compared with controls (see this article’s
Figs E5 and E6 and Results in Online Repository at
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FIG 3. A, T2 polarized endogenous cytokine levels detected in the
jejunum tissue from EW diet-fed Tg-mice. B, Ty2 polarized cyto-
kines secreted by OVA-specific MLN CD4* T cells from EW diet—
fed Tg-mice (*P < .05). The number of mice used in each group
is indicated in brackets; results are representative of 2 independent
experiments, respectively.

www jacionline.org), and the numbers were quantified
(Fig 5).

Other inflammatory responses in
EW diet-fed Tg-mice

Participation of eosinophils or polymorphonuclear
leukocytes in the inflammation process is indicated in
the section ““Aggregation of eosinophils in the lamina
propria of the jejunum and distal colon and crypt abscess
formation in the jejunum observed only in EW diet-fed
Tg-mice” (see this article’s Results and Figs E7 and E8 in
Online Repository at www.jacionline.org). The average
number of eosinophils aggregated in the villous lamina
propria of the jejunum of EW diet-fed Tg-mice (Fig 6:
EW) was significantly greater than that in control groups
(Fig 6: CN, CN diet—fed Tg-mice; EWB, EW diet-fed
BALB-mice). Inflammatory responses in other immu-
nologic tissues and in tracheal tissue from EW diet—fed
Tg-mice are described in the Methods and Fig E9 in the
Online Repository at www.jacionline.org.
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FIG 4. A, Mast cells bind IgE and degranulate in EW diet-fed Tg-mice. Arrows indicate IgE-positive and de-
granulating mast cells. B, Intestinal OVA-specific IgE detection in the jejunum of EW diet-fed Tg-mice. b-OVA,
biotinylated OVA stained; IgE, FITC-labeled IgE-stained; OVA-IgE, double-stained with b-OVA and FITC-IgE.

A
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C, Jejunal histamine leveis. O, values of each mouse; —, means of the data. *P < .05).
DISCUSSION

We have successfully developed a unique animal
model that undergoes weight loss in response to oral
administration of OVA alone. The intestinal tissue of this
_ animal model exhibits loss of villous architecture to-
gether with a characteristic feature of tissue repair, where
specific IgE and degranulating IgE-positive mast cells, as
well as antigen-specific T cells, were functional.
Pathological changes were similar to results of studies
on tissues collected from patients with food-sensitive
enteropathy,'®?! in that an increase in mucosal IgE se-
creting plasma cells and degranulating mast cells in the
jejunum were described.?® In addition, in relation to
the large intestine, although this model lacked features
such as diarrhea and morphologic changes observed in
other models of food-induced colitis,””’ the pathology
was consistent with that examined in tissues from pa-
tients with intestinal food allergies.?’ The deficiency in
our model may be the absence of bacterial stimulation

to initiate severe inflammation in the large intestinal im-
mune system.

Pathological changes similar to those described by us
showing loss of villous architecture in tissue from the
ileum have been reported by Dohi et al,”* who used a
TCR-deficient mouse model to which IFN-y—deficient
CD45RB"E" T cells were transferred. In our model, estab-
lished in an antigen-specific manner, it is unlikely that
CD45RB"E" T cells would play a role in the development
of inflammation. Also, inflammation in the model by Dohi
et al®? was detected at a different site from ours. However,
wasting disease and villous atrophy are common results,
and Dohi et al* further elucidated the significance of
Ty?2 cell responses. Thus, for our model, it is also consid-
ered that wasting disease and villous atrophy induced
by feeding the EW diet would probably be mediated
by significant Ty2-polarized responses. In food allergy
reactions, Ty2 skewing has been demonstrated.’
However it remains unclear whether the Ty 2-type immune
response stimulated by feeding with food allergens could

-147-



J ALLERGY CLIN IMMUNOL
VOLUME 117, NUMBER 5

(cells/cm) Jejunum Distal colon

10000 F & o ofo F o8 e
I 1B 11

*
£
1000 B
100 | -
) m . B

CN CE EWEWB CN CE EW EWB
B3) B ) @ 3 3 & 3

FIG 5. Quantification of mast cells predominantly infiltrating into
the intestinal tissues of EW diet—fed Tg-mice (EW) compared with
controls (CN or CE, CN diet—fed or CE2 diet-fed Tg-mice, respec-
tively; EWB, EW diet-fed BALB-mice, *P < .05, **P <.01). The num-
ber of mice used in each group is indicated in parentheses.
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explain the development of enteropathy observed in pa-
tients.'® Although this is a mouse model, the current study
is significant in showing that food-sensitive enteropathy
relates to Ty2-dominant responses. Further detailed stud-
ies are needed to examine the involvement of IL-5 and IL-
13 in our model, considering the eosinophil aggregation
in villi and changes detected in the trachea.?

The most significant novel aspect of our model was that
the histologic changes demonstrated a more complex
pathology, as indicated particularly by the observation of
the unsuccessful repair of injured tissues with marked
infiltration of degranulating IgE-positive mast cells. The
results of IgE-positive mast cell responses induced by
food antigen intake can also be compared with findings
reported by Brandt et al.’® In their model, upregulation of
OVA-specific Ty2-type responses by using aluminum
hydroxide after oral administration of ovalbumin induced
transient diarrhea dependent on IgE responses. This effect
was induced by serotonin, not by histamine produced by
mast cells. In contrast, elevated responses of serum and
local IgE and the marked manifestation of mast cells in
EW diet-fed Tg-mice in our study did not correlate with
symptoms of diarrhea or the severity of villous atrophy.
Furthermore, we have observed that even after an aller-
gen-free period, oral readministration of either the EW
diet or OVA itself to mice having higher levels of serum
OVA-specific IgE did not cause diarrhea (data not shown).
In addition, 10-day feeding with EW diet seemed to in-
duce severe crypt elongation and goblet cell hyperplasia
in all EW diet—fed Tg-mice (see this article’s Fig E10:
EW1 and EW2, in the Online Repository at www.jacion-
line.org). During this period, serum total IgE showed sig-
nificantly low levels compared with those of the 28-day
feeding.'® Therefore, in contrast with the study by
Brandt et al,' the dramatic infiltration of mast cells and
IgE in our model for the 28-day feeding seemed to involve
either the regulatory effect of histamine on Ty2 cells, or
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FIG 6. Quantification of eosinophils aggregated in the villous
lamina propria of the jejunum from EW diet-fed Tg-mice. The
number of mice used in each group is indicated in parentheses.
(*P<.01).

the predictive roles of IgE for oral tolerance binding to
high expression of FceRI on oral Langerhans cells,?*%°
rather than the injurious responses.

Actually in our system, the protective cytokine 1L-10
was markedly produced in MLN CD4" T cells. Also, in-
duction of oral tolerance has paradoxically been reported
in spleen T cells from Tg-mice fed the EW diet for 28
days.26 Thus, it is possible that the intestinal tissue, after
exposure to an EW diet for 28 days, reflects a state of
partial suppression of the injurious T2 responses, thereby
causing the villous blunting or partial villous atrophy and a
tendency to weight recovery. However, feeding times lon-
ger than 28 days, during the period serum IgE maintained
higher levels, did not completely resolve inflammation in
all mice, although the reason remained unclear (see this ar-
ticle’s Fig E10: EW3 and EW4, in the Online Repository
at www.jacionline.org). Further study of this animal ¢
model is expected to shed light on the mechanisms of |
Ty2-associated humoral and cellular activation in food-
sensitive intestinal inflammation, thereby opening new |
possibilities for the treatment of food allergies involving |
tolerance induction.
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for their technical support and for providing experimental systems
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Molecular Mechanisms for Transcriptional Regulation of
Human High-Affinity IgE Receptor $-Chain Gene Induced
by GM-CSF*

Kyoko Takahashi,*" Natsuko Hayashi,** Shuichi Kaminogawa,” and Chisei Ra**

The B-chain of the high-affinity receptor for IgE (FceRI) plays an important role in regulating activation of FceRI-expressing cells
such as mast cells in allergic reactions. We already reported that the transcription factor myeloid zinc finger (MZF) 1 which
formed a high m.w. complex including four and a half LIM-only protein (FHL)3 in the nucleus repressed human B-chain gene
expression through an element in the fourth intron. We also found that GM-CSF induced expression of MZF-1 and nuclear
translocation of FHL3. We screened a human ¢DNA library and identified NFY which was reported to bind histone deacetylases
(HDACs) as a constituent of the complex. The C-subunit of NFY was demonstrated to form a ternary complex with MZF-1/FHL3
and interact with a B-chain gene region including the element in the fourth intron. HDAC1 and HDAC2 were also shown to
interact with the fourth intron region of the S8-chain gene. In a human mast cell line HMC-1 cultured with GM-CSF, both 3-chain
expression and acetylation of histones interacting with the fourth intron region of the -chain gene were decreased. Collectively,
these results indicated that HDACs, which were recruited to the f-chain gene through the element in the fourth intron by
MZF-1/FHL3/NFY, repressed f-chain gene transcription by deacetylation of histones in the presence of GM-CSF. These mech-
anisms will be involved in not only the cell type-specific repression of 3-chain gene expression in differentiating hemopoietic cells

but also the repression of f-chain gene expression in the peripheral cells under specific circumstances.

nology, 2006, 177: 4605-4611.

ells of limited types such as mast cells, basophils, eosin-
ophils (1), monocytes (2), Langerhans cells (3, 4), plate-
lets (5, 6), and neutrophils (7) express the high-affinity
receptor for IgE (FceRI). FceRI plays an important role in trig-
gering IgE-mediated allergic reaction. Cross-linking of FceRI on
effector cells, for example mast cells, by Ag (allergen)-IgE com-
plexes triggers allergic reaction by activating intracellular signal
cascades to induce not only the release of chemical mediators in
the early-phase reaction but also cytokine gene expressions leading
to the late-phase reaction. Moreover, FceRI on epidermal Langer-
hans cells in the skin is known to be involved in the Ag presen-
tation by facilitating uptake of IgE-associated allergens, suggesting
its pivotal role in the pathophysiology of atopic dermatitis.
FceRI is composed of three different subunits, «, 3, and vy, of
which the a-chain directly binds IgE through its extracellular do-
main, while the 3- and <y-chains are responsible for mediating in-
tracellular signals. Although a functional receptor is expressed
both as tetramers («fv,) and trimers («y,) in humans (8), intra-
cellular signals (9, 10), in addition to cell surface expression of the
receptor (11), were reported to be significantly amplified by
B-chain, indicating that B-chain increases cell activation sensitivity
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to the stimulation by allergens. Recently, it was revealed that
B-chain amplified degranulation and leukotriene secretion but sup-
pressed cytokine production (12), indicating that B-chain regulates
distinct intracellular signaling events in both positive and negative
manners by the same molecule of itself. Furthermore, an alterna-
tive splice variant which encoded only an N-terminal portion of
B-chain was found to be expressed in human mast cells (13). This
truncation variant competed with full-length 8 and prevented
FceRI surface expression by inhibiting a-chain maturation (13).
Because all of these findings indicate that 3-chain is a fine regu-
lator of FceRI-mediated cell activation to precisely control the
allergic reaction, elucidation of regulatory mechanisms of B-chain
expression will make a meaningful contribution to medical inter-
vention for allergy. In addition, because S-chain has only been
reported to associate with FcyRITIA except for FceRI (14) and its
expression is limited in the specific types of cells such as mast cells
and basophils, applications which are targeted for 3-chain are ex-
pected to exert cell type-specific effects.

The genomic structure of the human FceRI B-chain gene was
already determined (15), however, only a few analyses were per-
formed on regulatory mechanisms of (3-chain gene transcription.
Two Oct-1-binding sites in the 5' untranslated region were essen-
tial for activation of B-chain gene promoter (16). We revealed that
the transcription factor myeloid zinc finger (MZF)® 1 repressed
B-chain gene expression through an element in the fourth intron
(17). Tt was suggested that this transcriptional repression required
a cofactor; we therefore screened for MZF-1-binding proteins and

* Abbreviations used in this paper: MZF, myeloid zinc finger: FHL. four and a half
LiM-only protein; HDAC, histone deacetylase; BD, binding domain; ADH, alcohol
dehydrogenase; HA, hemagglutinin; AD, activation domain; ChIP, chromatin
immunoprecipitation.
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identified a four and a half LIM-only protein (FHL)3 as a repres-
sive cofactor (18). FHL3 was predicted to act as an adaptor mol-
ecule recruiting unidentified other molecules to the MZF-1/DNA
complex, because MZF-1 and FHL3 formed a very large m.w.
complex in the nucleus (18). In contrast, GM-CSF was reported to
induce MZF-1 expression (19). Moreover, we found that GM-CSF
induced translocation of FHL3 from the cytoplasm to the nucleus
(18), suggesting that both up-regulation of MZF-1 and nuclear
translocation of FHL3 by GM-CSF facilitate formation of the
MZF-1/FHL3 complex in the nucleus and reduce B-chain gene
expression through the element in the fourth intron. It was actually
reported that GM-CSF decreased FceRI expression on the surface
of a human mast cell line HMC-1 (20, 21). In this study, we report
that FceRI B-chain gene expression can be suppressed in the pres-
ence of GM-CSF through deacetylation of histones mediated by
histone deacetylases (HDACs) which are recruited to the 3-chain
gene through the complex including MZF-1/FHL3.

Materials and Methods

Cell culture

HMC-1 (a human mast cell line) was cultured in IMDM (Invitrogen Life
Technologies) at 37°C in a humidified incubator with 5% CO,. KU812 (a
human basophilic leukemia cell line) was cultured in RPMI 1640 (Sigma-
Aldrich). Both media contained 10% (v/v) FBS (JRH Bioscience), 100
U/ml penicillin (Banyu Pharmaceutical), and 100 pg/ml streptomycin
(Meiji Seika).

Plasmid construction

pBridge-MZF-1/FHL3 encoding human MZF-1 fused to GAL4 DNA bind-
ing domain (BD) under the constitutive alcohol dehydrogenase 1 (ADHI)
promoter and human FHIL.3 under the conditional MET25 promoter was
constructed as follows. A Ndel/Sall-digested fragment from pGBKT7-
MZF1 (18) was ligated with Smal/Sall-digested pBridge vector (BD Bio-
sciences). Both ends of the resulting linear DNA were blunted by T4 poly-
merase and subsequently ligated for self-circularization to obtain plasmid
A. In contrast, pCR3.1-FHL3 antisense, which carried human FHL3 cDNA
in the reverse direction in pCR3.1 vector (Invitrogen Life Technologies),
was prepared by the same method as previously described for construction
of pCR3.1-FHL3 (18). A BamH I/Notl-digested fragment from pCR3.1-
FHL3 antisense was ligated with Bg/Il/Notl-digested pBridge vector. Ad-
justment of the codon frames in the yielding plasmid was achieved by
digestion with Notl, blunting by T4 polymerase, and self-ligation. The
resulting plasmid was digested with Scal/Sall to obtain a 4.23-kb fragment.
The fragment was ligated with a 4.77-kb fragment from Scal/Sall-digested
plasmid A to yield pBridge-MZF-1/FHL3. For in vitro transcription/trans-
lation of NFYC, human NFYC cDNA obtained by Smal/Xhol digestion of
pACT2-NFYC was inserted into pGADT7 vector (BD Clontech) which
was digested with EcoRl, blunted by T4 polymerase and subsequently
digested with Xhol to yield pGADT7-NFYC. To construct an expression
plasmid of MZF-1 deletion mutant corresponding to the aa 214 -485 region
of human MZF-1, the MZF-1 aa 214485 region was amplified by PCR
using pGBKT7-MZF1 (18) as a template and synthetic oligonucleotides of
5'-ATGGGCGATCCCCCGGGCCCTGGCGCTA-3" and 5'-CTACTCG
GCGCTGTGGACGCGCTGGTG-3" as primers. The amplified product
was subcloned into pCR3.1 vector (Invitrogen Life Technologies). After
confirming the direction and nucleotide sequence of the insert, the obtained
plasmid was named pCR3.1-MZF-1 (aa 214-485).

Yeast three-hybrid assay

Matchmaker Gal4d Two-Hybrid System 3 (BD Clontech) was used accord-
ing to the manufacturer’s instructions. Yeast AH109 was transformed with
pBridge-MZF-1/FHL3. The cells were sequentially transformed with a hu-
man lymph node ¢cDNA library in a pACT2 vector (BD Clontech) con-
taining a GALA activation domain (AD) and an hemagglutinin (HA) tag.
Cotransformed cells were allowed to grow on a minimal synthetic dropout
medium lacking tryptophan and leucine (SD-Trp/-Leu), because pBridge
carried a TRP] gene and pACT?2 carried a LEU2 gene. FHL3 was only
expressed in the cells cultured on the medium without methionine. Protein
interaction in the cells was detected by expression of three reporter genes
(HIS3, ADE2, and MELI) under the control of distinct GAL4 upstream
activating sequences and TATA boxes to reduce false positives. After se-
lecting the clones expressing HIS3 on SD-Trp/-Leu/-His/-Met plates,

REGULATION OF HUMAN FCeRI B-CHAIN GENE EXPRESSION

growing colonies were transferred onto SD-Trp/-Lew/-His/-Met/-Ade(ad-
enine) plates containing X-a-Gal to select those expressing the other re-
porter genes of ADE2 and MELI. X-a-Gal was purchased from BD Clon-
tech. Furthermore, to obtain proteins interacting with MZF-1 not
independent of FHL3 but dependent on FHL3, the cells which grew on the
medium without methionine but hardly grew on the medium including
methionine were selected. pACT2 plasmids carrying cDNA inserts were
rescued from the selected clones and their nucleotide sequences were de-
termined. The interaction among MZF-1, FHL3, and the candidate protein
NFYC was retested by cotransformation of AHI109 cells with pBridge-
MZF-1/FHL3 and pACT2-NFYC. The cells were examined for expression
of HIS3 and ADE?2 reporter genes by testing their ability to grow on -His/-
Ade medium in the absence (FHL3 was expressed) and presence (FHL3
was not expressed) of methionine.

Immunoprecipitation of in vitro-translated MZF-1, FHL3,
and NFY

c-Myc-tagged MZF-1 (aa 1-217), FHL3, and HA-tagged NFYC were pro-
duced by in vitro transcription/translation method with TT T7 Quick Cou-
pled Transcription/Translation System (Promega) using pGBKT7-
MZF1i(aa 1-217) (18), pCR3.1-FHL3 (18), and pGADT7-NFYC. The
products were mixed for immunoprecipitation with anti-c-Myc mAb (Santa
Cruz Biotechnology) followed by immunoblotting with anti-c-Myc and
anti-HA (Roche) mAbs.

Chromatin immunoprecipitation

Cells were exposed to 1% formaldehyde for 10 min to obtain cross-linked
chromatins. After washing with ice-cold PBS containing 1 mM PMSF, 1
ung/ml aprotinin, and 1 ug/ml leupeptin, the cells were resuspended in
ice-cold buffer A (10 mM HEPES (pH 7.9), 10 mM potassium chloride, 0.1
mM EDTA, 1 mM DTT, 1 mM PMSF, 1 pg/ml leupeptin, and 1 pg/ml
aprotinin) and incubated on ice for 10 min. Then, they were solubilized
with 0.5% (v/v) Nonidet P-40 for an additional 15 min. After centrifugation
at 6,000 X g for 1 min, nuclear pellets were resuspended in buffer S (50
mM Tris (pH 8.1), 1% SDS, 10 mM EDTA, 1 mM PMSF, 1 pg/ml leu-
peptin, and 1 pg/ml aprotinin) and incubated on ice for 15 min. The lysates
were sonicated with Biorupter (Cosmo Bio). After centrifuging at
15,000 X g for 10 min to remove debris, the supernatants were diluted
10-fold in buffer C (16.7 mM Tris (pH 8.1), 167 mM NaCl, 0.01% SDS,
1.1% Triton X-100, 1.2 mM EDTA, 1 mM PMSF, 1 pg/ml leupeptin, and
1 pg/ml aprotinin) and precleared with 80 ul of salmon sperm DNA/
protein A agarose (Upstate Biotechnology) for 1 h at 4°C. The samples
were then incubated with anti-NFYC, anti-HDACI, anti-HDAC2, anti-
acetylated histone H3 or anti-acetylated histone H4 Ab for 4 h at 4°C with
rotation. All five Abs were rabbit polyclonal Abs, of which anti-NFYC and
anti-HDAC2 Abs were purchased from Santa Cruz Biotechnology and the
remaining Abs were obtained from Upstate Biotechnology. After addition
of 60 ul of salmon sperm DNA/protein A agarose, the binding reactions
were incubated for an additional 1 h at 4°C with rotation. The immuno-
precipitated chromatins were washed sequentially with wash buffers 1, 2,
3, and 4 (1:50 mM Tris (pH 8.1), 150 mM NaCl, 0.1% SDS, 0.5% deoxy-
cholic acid, 1% Nonidet P-40, 2: 50 mM Tris (pH 8.1), 500 mM NaCl,
0.1% SDS, 0.5% deoxycholic acid, 1% Nonidet P-40, 3: 50 mM Tris (pH
8.1), 0.25 M LiCl, 1% Nonidet P-40, 1% deoxycholic acid, | mM EDTA,
4: 10 mM Tris (pH 8.0), 1 mM EDTA) and eluted from beads with elution
buffer (1% SDS, 50 mM NaHCO,). After incubation in the elution buffer
for 15 min at room temperature with rotation, supernatants were separated
by centrifugation. To reverse cross-linking, the eluates were incubated at
65°C for 4 h in a buffer containing 200 mM NaCl and 1 pg of RNase A
followed by treatment with 20 pg of proteinase K in 40 mM Tris (pH 6.5),
10 mM EDTA at 45°C for 1 h. DNA was recovered by phenol/chloroform
extraction and ethanol precipitation. The precipitates were resuspended in
sterile water and subjected to PCR analyses using synthetic oligonucleo-
tides of 5'-CTGGAATGTTGTCAATTATATCTGAAAGG-3' and 5'-CT
GTTCTTCTTATCTTTTCAAGGATGGAC-3' specific for the @-chain
fourth intron region as primers. Primers of 5'-TGCCTAGGTCACCCAC
TAATG-3' and 5’-GTGGCCCGTGATGAAGGCTA-3" (22) that specifi-
cally recognize the B-actin promoter sequences were used as control. A
thermal cycle of 95°C for 30 s, 55°C for 30 s, and 72°C for 1 min was
repeated 33 times. Sizes of the fragments amplified by the B-chain intronic
region-specific and B-actin promoter region-specific primers were 99 and
160 bp, respectively.

Transfection of the cells

KUS812 cells were suspended in the medium containing 20% FBS at the
concentration of 5 X 10% cells/500 ul. The cells were transfected with 5 g
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of pCR3.1-MZF-1(aa 214-485) or an empty vector pCR3.1-self (17) as
control by electroporation at 300 V, 950 wF using Gene Pulser II (Bio-Rad)
and cultured for 16 h. To select transfected cells, the cells were then cul-
tured with 400 pg/ml G418 until they were subjected for the assay.

Quantitation of FceRI B-chain mRNA levels by real-time
RT-PCR

Total RNA was isolated from cells cultured in the presence or absence of
10 ng/ml GM-CSF for 1-10 days with TRIzol reagent (Invitrogen Life
Technologies) and was reverse transcribed with TagMan Reverse Tran-
scription Reagents (Applied Biosystems) using an oligo(dT);s primer.
Quantitative PCR was performed with TagMan Universal PCR Master Mix
without UNG AmpErase (Applied Biosystems) using human FceRI
B-chain-specific and human B-actin-specific primers and fluorescent
probes (Applied Biosystems). Reactions were conducted with the condi-
tions of 95°C for 10 min followed by 50 cycles of 95°C for 15 s and 60°C
for 1 min by ABI PRISM 7700 Sequence Detection System (Applied Bio-
systems). Relative expression levels of 8-chain and B-actin were calculated
respectively from the standard curve using a dilution series of template
RNA. The expression levels of B-chain were normalized by those of
B-actin.

Results
NFY forms a complex with MZF-1/FHL3

We at first tried to identify constituents of the large nuclear com-
plex which contained MZF-1/FHL3 and suppressed human FceRI
B-chain gene expression through the element in the fourth intron.
A human cDNA library was screened for proteins forming a ter-
nary complex with MZF-1 and FHL3 by yeast three-hybrid assay
(Fig. 1, A and B). An expression plasmid which carried MZF-1
cDNA fused to GAL4BD under the constitutive ADH1 promoter
(Papyy) and FHL3 ¢cDNA under the conditional Met25 promoter
(Papezs) repressed with methionine was constructed. Full-length
MZF-1 fused to GAL4BD did not autonomously activate the re-
porter (18). The construct was introduced into a yeast AH109
strain with a human cDNA library-GAL4AD fusion expression
plasmid to search proteins forming a ternary complex with MZF-
1/FHL3. As represented in Fig. 1C, we screened 2.6 X 10° cDNA
clones and obtained 188 positive clones expressing all three re-
porter genes of HIS3, ADE2, and MELI. To distinguish the clones
which encoded proteins interacting with MZF-1 in an FHL3-de-
pendent manner from those encoded proteins directly binding
MZF-1 independent of FHL3, the cells which grew on the medium
without methionine, but hardly grew on the medium including me-
thionine, were selected. Of 11 clones obtained, 10 clones encoded
three different proteins and the remaining clone did not have a
cDNA insert in frame.

The C subunit of the transcription factor NFY was one of the
three identified proteins. To verify that NFYC interacts with
MZF-1 through FHL3 to form a ternary complex, yeast AH109
cells were cotransformed with constructs carrying P,py-BD-
MZF-1/Py1er25-FHL3 and P,y -AD-NFYC, respectively. Growth
of the transformed cells was examined on -His/-Ade medium to
test the expression of two reporter genes of HIS3 and ADE2. The
transformed cells grew on the -His/-Ade medium in the absence of
methionine (FHL3 was expressed) but did not grew in the presence
of methionine (FHL3 was not expressed) (Fig. 2A4). To further
confirm the interaction, c-Myc-tagged BD-MZF-1, FHL3, and
HA-tagged AD-NFYC were produced by in vitro transcription/
translation method. Their mixtures were immunoprecipitated with
anti-c-Myc tag Ab. Because the full-length MZF-1 fused to BD
was not expressed efficiently by in vitro transcription/translation,
the aa 1-217 region of MZF-1 which could bind FHL3 (18) was
used. BD-MZF-1 and AD-NFYC were coimmunoprecipitated in
the presence of FHL3 but were not in the absence of FHL3 (Fig.
2B). Both of the results from Fig. 2 demonstrated that NFYC in-
teracted with MZF-1 through FHL3 and formed a ternary complex,
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FIGURE 1. Screening of a human cDNA library by yeast three-hybrid
assay. A, Structures of expression plasmids used for the yeast three-hybrid
screen are shown. MZF-1 ¢cDNA fused to GAL4BD and FHL3 cDNA are
inserted into pBridge vector under the constitutive ADHJ promoter and the
conditional MET25 promoter, respectively (pBridge-MZF-1/FHL3). A hu-
man cDNA library is fused to GALAAD in pACT?2 vector (pACT2-library).
B, In the three-hybrid assay, FHL3 is expressed only in the absence of
methionine. If a protein encoded by pACT2-library forms a ternary com-
plex with FHL3 and MZF-1 as indicated in the figure, expression of re-
porter genes (HIS3, ADE2, MELI) is activated. C, Yeast AH109 was se-
quentially transformed with pBridge-MZF-1/FHL3 and pACT2-library.
After selecting the clones expressing HIS3 reporter on -Trp/-Leu/-His/-Met
medium, growing colonies were then tested for expression of ADE2 and
MELI1 reporters on -Trp/-Leu/-His/-Met/-Ade medium containing X-a-
Gal. To obtain the clones which encoded proteins interacting with MZF-1
in an FHL3-dependent manner, the cells expressing all three reporter genes
were further selected, based on their poor growth on -Trp/-Leu/-His/-Ade
medium containing methionine.

indicating that NFYC was a candidate constituting the large reg-
ulatory complex, which repressed human [-chain gene expression
through the element in the fourth intron, with MZF-1 and FHL3 in
the nucleus.

NFY and HDAC interact with the fourth intron region of the
human FceRI B3-chain gene

We next analyzed whether NFYC was actually involved in the
transcriptional regulation of the human FceRI B-chain gene. To
examine whether NFYC interacts with the fourth intron region of
the (B-chain gene in the context of chromatin in vivo, chromatin
immunoprecipitation (ChIP) assays of the endogenous B-chain
gene in the human mast cell line HMC-1 were conducted. As
shown in Fig. 34, the fourth intron region of the (3-chain gene
corresponding to nt 4133-4231 (represented nucleotide numbers
begin at the transcription start site as position -+ 1) which included
the MZF-1-binding element was amplified from chromatins im-
munoprecipitated with anti-NFYC Ab but scarcely amplified from
those immunoprecipitated with control rabbit IgG. In contrast, the
B-actin promoter region was amplified only at a low level from
both chromatins immunoprecipitated with anti-NFYC Ab and con-
trol IgG. Relative band intensities to those from the input fraction
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FIGURE 2. NFYC interacts with MZF-1 through FHL3. A, Yeast
AH109 was cotransformed with pBridge-MZF-1/FHL3 and pACT2-NFYC
to test interaction among MZF-1, FHL3, and NFYC. The cells were ex-
amined for expression of HIS3 and ADE2 reporter genes by testing their
ability to grow on -Trp/-Leu/-His/-Ade medium in the absence (FHL3 was
expressed, panel 7) and presence (FHL3 was not expressed, panel 5) of
methionine. B, c-Myc-tagged MZEF-1, FHL3, and HA-tagged NFYC were
prepared by in vitro transcription/translation. These proteins were mixed
with the indicated combination, immunoprecipitated with anti-c-Myc mAb,
and subsequently blotted with anti-c-Myc and anti-HA mAbs.

were represented in the graphs. The band intensity of S-chain in-
tron region amplified from the fraction immunoprecipitated with
anti-NFYC was significantly higher than that from the fraction
immunoprecipitated with control IgG (p < 0.005), but the band
intensities of the pB-actin promoter region from the fractions im-
munoprecipitated with anti-NFYC Ab and control IgG were not
significantly different. These results indicated that NFYC specifi-
cally interacted with the $-chain gene region including the element
in the fourth intron.

NFY consists of A, B, and C subunits (23), of which the A
subunit has been reported to bind HDACs (24). Therefore, we
analyzed the interaction between HDACs and the intronic region
of the B-chain gene by ChIP assays using anti-HDACI and anti-
HDAC2 Abs (Fig. 3B). The B-chain intron region was signifi-
cantly, more highly amplified from chromatins immunoprecipi-
tated with anti-HDAC!1 or anti-HDAC2 Ab than from those
immunoprecipitated with rabbit IgG as control (p < 0.05). In con-
trast, amplification of the S-actin promoter region from chromatins
immunoprecipitated with anti-HDAC Abs was as Jow as that from
chromatins immunoprecipitated with control IgG. Therefore, it
was demonstrated that HDAC1 and HDAC? interacted with the
B-chain gene region including the element in the fourth intron.
Furthermore, pretreatment with anti-NFYC Ab resulted in remark-

REGULATION OF HUMAN FCeRI B-CHAIN GENE EXPRESSION
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FIGURE 3. NFYC and HDAC interact with the fourth intron region of
the B-chain gene. A, ChIP assays of the endogenous B-chain gene in
HMC-1 cells were performed using anti-NFYC Ab. Rabbit IgG was used
as control. The fourth intron region nt 4133/4231 of the S-chain gene and
the promoter region of the B-actin gene as control were amplified by PCR
from the immunoprecipitated chromatins. The lanes of “input” represent
the results of PCR using diluted fractions of nonimmunoprecipitated chro-
matins as templates to quantitate the amount of DNA present in each sam-
ple before immunoprecipitation. Amplified fragments of the B-chain in-
tronic region and the B-actin promoter region were 99 and 160 bp,
respectively. B, ChlP assays of the endogenous B-chain gene in HMC-1
cells were similarly performed using anti-HDAC1 and anti-HDAC2 Abs.
The chromatins were immunodepleted with anti-NFYC Ab or control rab-
bit IgG before immunoprecipitation with anti-HDAC Abs. Data shown are
representative of four (A) or three (B) independent experiments. Relative
band intensities to those from input fractions are expressed in the graphs as
means * SD of the four (A) or three (B) experiments. In B, B and
express the results of immunodepletion experiments with control IgG and
anti-NFYC Ab, respectively. Statistically significant differences with the
two-tailed Student ¢ test are indicated by asterisks (¥, p < 0.005 and #,
p < 0.03).

able decrease of amplification of the $-chain intron region (p <
0.05, vs control IgG pretreatment), indicating that NFYC was ac-
tually required for the recruitment of HDACS to the B8-chain gene.

The experiments of Fig. 3 revealed that NFY and HDACs in-
teracted with the 3-chain gene region including the element in the
fourth intron in the context of chromatin in vivo. The results sug-
gested a possibility that HDACs, which were recruited to the
B-chain gene through the NFY/FHL3/MZF-1 complex, deacety-
lated histones to repress the transcription. It was also suggested
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FIGURE 4. GM-CSF decreases acetylation of histones
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interacting with the fourth intron region of the B-chain
gene in an MZF1/FHL3-dependent manner. A, HMC-1
cells cultured with or without 10 ng/ml GM-CSF for 1, 4,
and 10 days were subjected to ChIP assays. The chrom-
atins immunoprecipitated with anti-NFYC, anti-HDACI,
anti-HDAC2, anti-acetylated histone H3 (a-AH3), and anti-
acetylated histone H4 (a-AH4) Abs were amplified by
PCR using primers specific for the intronic element of the
B-chain gene and the B-actin promoter as control. Rabbit *
IgG was used as control. The lanes of “input” represent .
the results of PCR using diluted fractions of nonimmuno-
precipitated chromatins as templates. B, An expression
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that the transcriptional repression of the f-chain gene was pro-
moted by GM-CSF which induced up-regulation of MZF-1 (19)
and nuclear translocation of FHL3 (18), because it was predicted
that recruitment of HDAC: to the -chain gene was facilitated by
increased formation of the large regulatory complex containing
MZF-1 and FHL3 in the nucleus.

GM-CSF decreases histone acetylation of the human FceRI
B-chain gene and suppresses [B-chain gene expression

To determine whether HDAC activities were involved in the tran-
scriptional repression of the f-chain gene through the element in
the fourth intron, acetylation levels of histones were compared
between the cells cultured in the presence and absence of GM-CSF
for 1, 4, and 10 days. ChIP assays were conducted using anti-
acetylated histone H3 and anti-acetylated histone H4 Abs to ana-
lyze whether the intronic region of the [S-chain gene associates
with acetylated histones in HMC-1 cells (Fig. 44). Amplification
of the B-chain fourth intron region from both of the chromatins
immunoprecipitated with anti-acetylated histone H3 and anti-

Table 1. Effect of GM-CSF on FceRI B-chain gene expression®
Day 0 Day 1 Day 4 Day 10
- 1.06 = 0.0600 1.06 = 0.160 1.I11 =0.153
GM-CSF  1.00

.56 = 0.170° 0.697 = 0.115” 0.289 = 0.0424¢

¢ HMC-1 cells were cultured with or without 10 ng/ml GM-CSF for the indicated
periods. After collecting and washing the cells, total RNA was prepared to quantify
mRNAs of FceRI $-chain and S-actin by real-time RT-PCR. The amounts of $3-chain
mRNA corrected with the amounts of B-actin mRNA are represented as relative
values to those at day 0. Values are expressed as means = SD of three independent
experiments.

" Significantly diflerent from the value in the absence of GM-CSF (p < 0.05).

“ Significantly different from the value in the absence of GM-CSF (p < 0.01).
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acetylated histone H4 Abs was not changed by GM-CSF at day 1
but significantly decreased by GM-CSF at days 4 and 10 (p < 0.05
vs without GM-CSF). The amounts of the amplified products of
the B-actin promoter were not affected by GM-CSF. It was thus
demonstrated that acetylation of histones interacted with the fourth
intron region of the f-chain gene was decreased in HMC-1 cells
cultured with GM-CSF for 410 days. Parallel to the decrease of
histone acetylation, interaction of NFYC and HDACs with the
B-chain gene was increased at day 4 and more remarkably in-
creased at day 10, suggesting that the decreased histone acetylation
was mediated by HDACs which were recruited to the 8-chain gene
through NFY.

In the previous report, we revealed that MZF-1 bound FHL3
through four zinc finger motifs at its N-terminal (18). An expres-
sion plasmid of the MZF-1 deletion mutant which lacked this
FHL3-interacting region was constructed and introduced into a
human basophilic leukemia cell line KU812 which was known to
express mast cell-specific molecules, because HMC-1 cells gave
very low transfection efficiency. By similar ChIP assays using anti-
acetylated histone H3 and anti-acetylated histone H4 Abs, it was
shown that association between the intronic region of the B-chain
gene and acetylated histones was not decreased in the cells cul-
tured with GM-CSF for 7 days when the MZF-1 deletion mutant
was overexpressed, while the association was significantly de-
creased in the mock-transfected cells by GM-CSF (Fig. 4B). The
B-chain mRNA expression was decreased to approximately one-
half in KU812 cells cultured with GM-CSF for 7 days (data not
shown). These results indicated that the decrease of histone acet-
ylation in the presence of GM-CSF was mediated through the reg-
ulatory complex including MZF-1/FHL3/NFY.

We further analyzed whether FceRI B-chain expression was re-
pressed in HMC-1 cells cultured in the presence of GM-CSF by
real-time RT-PCR. As represented in Table I, the cells cultured

-154-



4610

B chain gene

intronic
element

FIGURE 5. A schematic drawing of a model for histone deacetylation-
mediated regulation of B-chain gene expression. Histone deacetylation-
mediated regulatory mechanisms of 8-chain gene expression suggested by
our study are described schematically. Ac, acetyl group.

with GM-CSF for 4 and 10 days expressed significantly smaller
amounts of 3-chain mRNA compared with the cells cultured with-
out GM-CSF (p < 0.05 at day 4 and p < 0.01 at day 10), although
they expressed a slightly but reproducibly increased level of
B-chain mRNA at day 1 in the presence of GM-CSF (p < 0.05 vs
without GM-CSF). These results showed that sustained exposure
to GM-CSF, which decreased acetylation of histones interacting
with the B-chain gene, suppressed B-chain gene expression.

Collectively, it was suggested that the repression of B-chain
gene expression in the presence of GM-CSF was dependent on
deacetylation of histones by HDACs which were recruited to the
B-chain gene through the MZF-1/FHL3/NFY complex.

Discussion

We revealed that FceRI 3-chain gene expression was repressed in
the cells cultured with GM-CSF and this transcriptional repression
was correlated with histone deacetylation of the 8-chain gene. Fig.
5 describes mechanisms for the HDAC-mediated transcriptional
repression which are suggested from our study. Increased histone
deacetylation of the B-chain gene in the presence of GM-CSF was
thought to be dependent on enhanced formation of the HDAC/
NFY/FHL3/MZF-1 complex in the nucleus, because expression of
MZF-1 and nuclear translocation of FHL3 were induced by GM-
CSF (18). Although the expression of NFY was not affected by
GM-CSF (data not shown), there still remains a possibility that
expression or subcellular localization of unidentified factors in the
large regulatory complex including HDAC/NFY/FHL3/MZF-1
was influenced by GM-CSF.

The cell surface expression of FceRI has been reported to be
suppressed by GM-CSF in HMC-1 cells where a-chain mRNA
was decreased (20, 21). Because our study showed that B-chain
expression was also repressed, suppression of both « and 3-chain
gene expression was thought to contribute to the decrease of FceRI
expression in the cells cultured with GM-CSF. GM-CSF is a he-
mopoietic cytokine which promotes differentiation and prolifera-
tion of myeloid cells. GM-CSF is also known to inhibit terminal
differentiation of mast cells. These observations suggest that GM-
CSF plays a particular role in myeloid cell differentiation by re-
pressing the expression of FceRI in the cells differentiating into
eosinophils, neutrophils, or monocytes which express low or un-
detectable levels of FceRI in their resting states. In addition to the
effects on hemopoietic cell differentiation, GM-CSF plays a key
role in peripheral inflammatory processes by enhancing functional
activities of mature myeloid effector cells. Therefore, the regula-
tory mechanisms of FceRI expression induced by GM-CSF will
also contribute to the control of FceRI-mediated functions of pe-
ripheral cells under specific circumstances.

REGULATION OF HUMAN FCeRI B-CHAIN GENE EXPRESSION

Interestingly, the amount of B-chain mRNA was once slightly
increased before it was significantly decreased by GM-CSF (Table
I). In the time course analyses in Fig. 44 and Table I, while the
expression of B-chain gene expression was decreased at days 4-10
parallel to the increased association of NFYC and HDACs with the
B-chain gene, neither significant difference of NFYC or HDAC
interaction nor that of histone acetylation was observed between
days 0 and 1. Therefore, it was thought that the slight increase of
B-chain gene expression observed at day 1 was not due to de-
creased association of NFY/HDAC with the fourth intron region of
the B-chain gene. However, we could not neglect the possibility
that the change of NFY or HDAC interaction was small and not
sufficient to be detected by ChIP assays. Although it is not clear
what this phenomenon means at present, it may possibly reflect
bidirectional regulation through the MZF-1-binding element, be-
cause we found that MZF-1 could activate $-chain gene transcrip-
tion with a different cofactor when the cofactor was overexpressed
(K. Takahashi, N. Hayashi, and C. Ra, manuscript in preparation).
The MZF-1-binding element in the fourth intron is thought to re-
press and activate 3-chain gene transcription depending on cofac-
tor availability. The equilibrium will markedly incline to the tran-
scriptional repression in the presence of GM-CSF, but nuclear
translocation of FHL3 which was observed 24 h after the addition
of GM-CSF (18) may not be sufficient to shift the equilibrium,
judging from the fact that B-chain mRNA was temporally in-
creased before it was significantly decreased by GM-CSF.

This is the first report that revealed the binding between FHL3
and NFY. FHL3 is a member of four-and-a-half LIM only protein
(FHL) family including FHL1, FHL2, FHL3, FHL4, and ACT
(25-30). They only contain a single N-terminal half-LIM domain
followed by four sequential LIM domains, belonging to a subset of
the LIM protein superfamily which possesses cysteine-rich double
zinc finger motifs called LIM. FHL proteins are expressed in a
cell- and tissue-specific manner and participate in various cellular
processes by interacting with actin cytoskeleton in the cytoplasm
and with transcriptional machinery in the nucleus. These studies
suggest that FHL proteins function as adaptors or scaffolds to sup-
port the assembly of multimeric protein complex. Although there
are several reports that FHL family proteins act as coactivators or
corepressors of transcription factors (31-34), precise mechanisms
by which FHL proteins mediate the protein interaction and exert
their functions as transcriptional cofactors remain to be elucidated.
Our study presented just an example that FHL3 was involved in
the transcriptional regulation by functioning as an adaptor mole-
cule which linked the HDAC-containing protein complex with a
transcription factor/DNA complex.

NFY is a heterotrimeric transcription factor which is known to
bind CCAAT motifs in the proximal promoter of a wide variety of
genes and activate transcription, particularly in TATA-less genes.
Among the three subunits constituting NFY, A and B-subunits
have been reported to bind HDAC and p300/CBP, respectively
(24, 35). These reports indicate that NFY can directly interact with
both histone acetyl transferase and HDAC, which are known to act
as a transcriptional coactivator and corepressor, respectively. It has
been actually reported that NFY functions not only as an activator
but also as a repressor depending on promoter contexts and cell
types (36-39). Interestingly, NFY functions as a repressor by
binding a DNA sequence different from its consensus-binding mo-
tif CCAAT (36), suggesting that NFY binds different DNA se-
quences through its different domains. It is thought that NFY
changes its conformation by binding to the different DNA se-
quences via its different domains, which allows NFY to specifi-
cally bind histone acetyl transferase or HDAC. There is no typical
CCAAT-binding motif in the human B-chain gene, but NFY may
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bind to a noncanonical-binding motif in the B-chain gene region
apart from the element in the fourth intron and interact with the
FHL3/MZF-1 complex. In that case, deacetylation of histones may
not be limited in the region close to the element in the fourth intron
but may spread out to a more broad region of the S-chain gene.

In this study, we revealed the histone deacetylation-mediated
mechanisms for transcriptional regulation of the human FceRI
B-chain gene through the element in the fourth intron. The con-
crete and specific information about the molecules and their inter-
actions which participate in the regulation of 8-chain gene expres-
sion like this will contribute to applications to the development of
therapeutic and prophylactic drugs for allergy. More detailed study
including the analyses on regulatory mechanisms through other
elements of the B-chain gene will reveal the entire regulatory
mechanisms of FceRI B-chain gene expression.
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It is well known that short chain fructooligosaccharides (sc[FOS) modify intestinal microbiota in animals as
well as in humans. Since most murine intestinal bacteria are still uncultured, it is difficult for a culturing
method to detect changes in intestinal microbiota after scFOS administration in a mouse model. In this study,
we sought markers of positive change in murine intestinal microbiota after scFOS administration using
terminal restriction fragment length polymorphism (T-RFLP) analysis, which is a.culture-independent
method. The T-RFLP profiles showed that six terminal restriction fragments (T-RFs) were significantly
increased after scI'OS administration. Phylogenetic analysis of the 168 rRNA partial gene sequences of murine
fecal bacteria suggested that four of six T-RFs that increased after scFOS administration were derived fremn
the 16S rRNA genes of the class Bacteroidetes. Preliminary quantification of Bacteroidetes by veal-time PCR
suggests that the 165 rRNA genes derived {rom Bacteroidetes were increased by scFOS administration. There-
fore, the T-RFs derived from Bacteroidetes are good markers of change of murine intestinal microbiota after

scFOS administration.

Short-chain fructooligosaccharide (scFOS) is one of the
popular prebiotics (4). The scFOS is a mixture of oligosaccha-
rides consisting of a glucose (G) unit linked to fructose (F)
units (n = 2 to 4) (6). The scFOS arrives at the gastrointestinal
tract without digestion and is used as a carbon source by
intestinal bacteria (14). Consequently, the composition of in-
testinal microbiota is changed by scFOS administration (5).

It is known that scFOS has several physiological effects on
humans and animals. For example, in murine models, scFOS
shows several immunomodulating functions (13). Recently, we
showed that scFOS administration enhanced the secretion of
murine intestinal immunoglobulin A (8), which is expected to
inhibit infection by pathogens. The change in murine intestinal
microbiota due to scFOS administration is suspected to be a
trigger of immunomodulating functions (8), although the
mechanisms are still unclear. Comparison of the timing and
dose response belween changes in murine intestinal micro-
biota and immunomedulating functions should give us impor-
tant information on the mechanisms of scFOS immunomodu-
lating functions. For such purposes, it is necessary to
determine the markers of change in murine intestinal micro-
biota after scFOS administration.

* Corres Jondmg author. Mailing address: Food and Health R&D
Laboratories, Meiji Seika Kaisha, Ltd,, 5-3-1 Chiyoda, Sakado-shi,
Saitama 350-0289, Japan. Phone: 81 492847592. Fax: 81 492847598.
E-mail: koichiro_murashima@meiji.co.jp.
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Effects of scFOS administration on murine intestinal micro-
biota have not been well characterized, although the effects on
human intestinal microbiota have been studied intensively (17,
20). In the case of humans, fecal bacteria are cultured on
selective media to determine the effects of scFOS administra-
tion on intestinal microbiota. This technique showed that an
increase in the number of bifidobacteria had a major effect on
human intestinal microbiota after scFOS administration.
Based on these results, the CFU of bifidobacteria are utilized
as a marker of the positive change in human intestinal micro-
biota after scFOS administration. In contrast, no consistent
effects of scFOS administration on intestinal microbiota have
been detected by the culturing method in the murine model
(8). Therefore, no markers of change in murine intestinal mi-
crobiota after scFOS administration have been identified so
far. Salzman et al. estimated that at least 60% of murine
intestinal bacteria are still uncultured (18). In this context, the
culturing method might not be suitable to determine changes
in murine intestinal microbiota.

Molecular techniques are becoming poputar to wmprehcn»
sively determine intestinal microbiota (21). Most of the mo-
lecular techniques used to identify bacteria are based on the
determination of 16S rRNA gene amplicons by PCR with uni-
versal primers. After PCR, the composition of the amplicons is
determined by fingerprint analysis, such as terminal restriction
fragment length polymorphism (T-RFLP), denaturing gradient
gel electrophoresis, and temperature gradient gel electro-
phoresis. These molecular techniques allow access to uncul-
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tured bacteria, since the DNA template for PCR is extracted
directly from samples without bacterial cultivation. Therefore,
these molecular techniques are powerful methods to detect the
effects of scFOS administration on murine intestinal micro-
biota in which most bacteria are still uncultured.

In this study, we determined the effects of scFOS adminis-
tration on the T-RFLP profiles of murine intestinal microbiota
and sought markers for the positive change in murine intestinal
microbiota as a resujt of scFOS administration.

MATERIALS AND METHODS

Animals. Female 6-week-old BALB/c mice {n = 7 for each diet group; Clea
Japan, Tokyo, Japan) were housed at 23 to 25°C and 50 to 60% relative humidity
with a 12-h light-dark cycle. The mice were fed a pelleted mouse flat diet
(Oriental Yeast, Tokyo, Japan) for ! week before commencement of the exper-
imental diet. All experiments were performed in accordance with the Nihon
University guidelines for laboratory animal care.

Diets. Mice were fed one of four experimental dieis (scFOS diet, kestose
[GF2] diet, nystose [GF3] diet, or control diet) for S weeks. The control diet
consisted of 200 g of casein, 532 g of cornstarch, 70 g of corn oil, 10 g of vitamin
mixture, 35 g of mineral mixture, 50 g of cellulose, and 100 g of sucrose. For the
scFOS diet, GF2 diet, or GF3 diet, 75 g ol the sucrose in the conirol diet was
substituted with 75 g of scFOS, GF2, or GF3. All components, with the exception
of scFOS, GF2, and GF3, were obtained from Oriental Yeast (Tokyo, Japan).
Vitamin and mineral mixtures were prepared according to the AIN-93 formu-
lation (16).The scFOS consisted of 34% 1-kestose (GF2), 53% nystose (GI3),
and 10% fructofuranosyl nystose (GF4) (14) that was supplied by Meiji Seika
Kaisha, Lid. (Tokyo, Japan). The GF2 and GF3 were also supplied by Meiji
Seika Kaisha, Lid.

Sampling of fecal and cecal samples. Fecal samples were collected before
commencement of the experimental diet (0 weeks) and at § weeks after changing
the mouse fiat diet to the experimental diet (5 weeks). Four to five fecal pellets
were collected from each mouse. Also, cecal contents were collected from mice
in the GF2-fed group, the GE3-fed group, and the control group at 5 weeks. Each
collected fecal or cecal sample was stored at —80°C until DNA was extracted.

Extraction of DNA from fecal and cecal samples. DNA was extracted from 50
mg of each collected fecal or cecal sample with the UltraClean Soil DNA
isolation kit (Mo Bio Labs, Solana Beach, CA) according to the method de-
scribed by Clement and Kitts (2), with some modifications. To efficiently degrade
bacterial cell walls, SO pl of cell lysing solution (60 mg/mi of lysozyme, 1 mg/ml
of N-acetylmuramidase SG [Seikagaku Kogyo Lid., Tokyo, Japan] in TE buffer)
was added to the bead solution from the kit. Subsequently, SO mg of each fecal
or cecal sample was added to the bead solution and incubated at 37°C for 30 min.
After incubation, DNA was extracted according to the manufacturer’s instruc-
tions. The DNA yields from fecal and cecal samples were 228 = 65 ng and 222 =
38 ng, respectively.

T-RFLP analysis. To amplify pardal 165 rRNA gene fragments, PCR was
done utilizing DNA trom the fecal sample and the universal primers 27F (5'-A
GAGTTTGATCCTGGCTCAG-3") anu 1492R (§'-GGTTACCTTGTTACGA
CTT-3') (i1). The 27F primer was labeled with 6'-carboxyfluorescein at the 5°
end. Amplification reactions were performed in a total volume of 50 pl contain-
ing 5wl of DNA, 1.25 U of Takara Ex Tuq (Takara shuzo, Tokyo, Japan), 5 gl
of Ex Taq buffer, § pl of deoxynucleoside triphosphate mixture (2.5 mM each),
and 25 pmo! of each primer. The PCR program was 95°C for 3 min, then 25 cycles
of 95°C for 30 5 S0°C for 3C s, and 72°C for 90 s, followed by 72°C for 10 min. PCR
products were purified with the Min[lute PCR purification kit (QIAGEN, Valen-
cia, CA) and then digested with Mspl. Lengths of terminal restriction fragments
(T-RTs) in digested PCR products were analyzed by the ABI PRISM 310 genetic
analyzer (Applied Biosystems, Foster City, CA) in Genescan mode, with the
GS-500 ROX and GS-1000 ROX internal standards as described previously (10).
The ebtained T-RFLP profiles were analyzed by BioNumerics software (Applied
Maths, Ver 3.0, Austin, TX) as described previously (10). To remove background

and small peaks, T-RFs whose relative areas were less than 3.0% of total area a

were deleted by setting the “Min. profiling,” which is a criteria to remove
background, at 3.0% on the “auto search band” command of the software. Bands
ranging from 50 to 600 bp were used to construct average T-RFLP profiles.
Construction of average T-RFLP profiles. To standardize all of the obtained
T-RELP profiles, we calculated the relative area of each T-RF against the
summation of total area of ali obtained T-RFs in each profile. The total area of
each T-RFLP profile was set at 100%,; therefore, the summation of all relative
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areas in each profile was 100%. The average relative area of each T-RF in the
scFOS-fed group or the control group was then calculated, and the averaged
T-RFLP profiles of both feeding groups were constructed. The statistical differ-
ences of the relative T-RF areas were determined by paired two-sided Student’s
t test. A P value of <0.05 was considered significant.

Sequence and phylogenetic analysis of the 16S rRNA gene. To amplify partial
168 rRNA gene fragments, PCR was performed utilizing one of the fecal DNAs
of the scFOS-fed group or the control group as a template and the universal
primers 27F and 1492R as described above. The amplified PCR fragments were
directly ligated into pCR2.1 (Invitrogen, San Diego, CA) by TA cloning tech-
niques (7) and then transformed into One Shot INVaF’ competent cells (In-
vitrogen) to construct 168 rRNA gene libraries. Clones isolated from the librar-
fes were used as templates for sequence analysis. In the scFOS-fed and control
groups, 77 and 67 clones were isolated, respectively. The partial sequences of the
168 tRNA gene (Escherichia coli positions 27 to 519} in all of the isolated clones
were determined by the dideoxy chain termination reaction with the universal
primer 27F or 519R (5'-ACCGCGGCYGCTGGC-3") (11). The 165 rRNA gene
sequences were submitted to the BLAST search program of the National Center
for Biotechnology Information (1) to find similar sequences. Also, the 165 rRNA
gene sequences were aligned with the CLUSTALW (19) with reference se-
quences obtained from the RDP Select Sequence function (12) and GenBank.
To check secondary structures of the 165 rRNA gene sequences and correct the
alignment, Se-Al (15) was used. A phylogenetic tree was constructed by the
neighbor-joining methed (3).

Real-time PCR with primers specific for Bacteroidetes. The 168 rRNA partial
gene sequences determined as described above were aligned with CLUSTAL-W
(19). Two regions where the sequences of the class Bacteroidetes are well-con-
served but different from other sequences were found. Based on these mwo
sequence regions, we designed two primers specific for the class Bacreroideres:
MIBF, 5'-GGCGACCGGCGCACGGG-3" (forward primer); MIBR, 5-GRCC
TTCCTCTCAGAACCC-3 (reverse primer). The amplification reactions were
carried out in a total volume of 50 wl, which consisted of 1 wl of fecal DNA, 235
wlof SYBR green PCR master mix (Applied Biosystems), and 24 wl of deionized
water. The fecal DNA was diluted to 1/10 concentration with deionized water.
The PCR program was 95°C for 10 min, then 30 cycles of 95°C for 20 5, and 65°C
for 60 s with the real-time ABI PRISM 7000 PCR machine (Applied Biosys-
tems). To determine the specificity of the primer set MIBF and MIBR, the
amplification rate of 2 pg of the 1658 rRNA gene plasmids described above were
determined. The amounts of 168 rRNA genes of the class Bacteroidetes were
shown as a relative amount against the standard fecal DNA. The standard fecal
DNA was extracted from a fecal sample from a mouse of the scFOS-fed group
at 5 weeks. The standard curve was calculated with the data from standard fecal
DNA, which was diluted to 1/1, 1/10, 1/100, or 1/1,000 concentration with deion-
ized water. The statistical differences between amounts of 168 rRNA genes were
determined by the two-sided Student ¢ test. A P value of <0.05 was considered
significant.

Nucleotide sequence accession numbers. The partial 165 rRNA gene se-
quences from the unique clones were deposited in the DNA Data Bank of Japan
(DDBJ). The accession numbers are shown in Fig. 1.

RESULTS AND DISCUSSION

Search for increasing T-RFEs after sclF'OS administration as
markers of positive change in intestinal microbiota. To find
increasing T-RFs aftcr sciFGS adminstration, we constructed
the average T-RFLP profiles of 16S rRNA genes from murine
intestinal microbiota in the scFOS-fed groups and compared
this profile with that of the control group. The average T-
RFLP profiles of both groups at 5 weeks are shown in Fig. 2.
Six T-RFs (83. 88, 93, 95, 215, and 475 bp) in the T-RFLP
profiles were significantly larger in the seFOS-fed group than
in the control group. Therefore, these T-RFEs were selected as
marker T-RFs for positive changes in intestinal microbiota
after scFOS administration.

We attempted to assign these marker T-RFs to phylogenetic
groups with information on the theoretical lengths of T-RFEs
derived from 16S rRNA of murine fecal microbiota and the
phylogenetic positions of these 16S TRNA genes. The acces-
sion numbers and theoretical T-RF lengths of the obtained 168
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