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examinations. They were housed in vinyl isolators with sterilized Clean tip
(CLEA Japan, Inc., Tokyo) as bedding and given sterilized water and sterilized
commercial CL-2 peliets (CLEA Japan, Inc.) ad libitum. The diet was sterilized
with an autoclave (121°C, 30 min). Five male and five female mice were inocu-
lated at 4 weeks of age into the stomach by a metal catheter with 0.5 mlofa 107
suspension of feces obtained from an apparently healthy human volunteer (male,
aged 59 years). The mice were mated at 8 weeks of age, and their offspring were
weaned at 3 weeks of age.

Sampling, Fecal samples from mice were taken 1, 2, and 4 weeks after ad-
ministration of the fecal suspension. Eight weeks after inoculation, the mice were
sacrificed by use of diethyl ether, and the contents of the small intestine, cecum,
and colon were removed as samples of the intestinal microbial community.
Collected samples were stored immediately at ~80°C until use. Intestinal content
samples from the offspring were collected at 6 weeks of age by the same methods.

Cell lysis and DNA isolation from samples. DNA extraction and purification
were based on the methods described by Clement and Kitts (3), using an Ultra
Clean Soil DNA isolation kit (Mo Bio Laboratories, Inc., Solana Beach, CA)
with some modification, as described previously (17).

T-RFLP analysis. A pair of universal primers, 5’ FAM (6-carboxyfluorescein)-
labeled 27f (5'-AGAGTTTGATCCTGGCTCAG-3') (Applied Biosystems, To-
kyo, Japan) and 1492r (5'-GGTTACCTTGTTACGACTT-3") (18), were used.
PCR was performed as described previously (17). Purified PCR products were
digested with 20 U of Hhal (Takara Bio Inc.) in a total volume of 10 pl at 37°C
for 3 h. The lengths of the terminal restriction fragments (T-RFs) were deter-
mined using standard size markers GS500 ROX and GS 1000 ROX (Applied
Biosystems) with an ABI PRISM 310 genetic analyzer (Applied Biosystems) and
GeneScan analysis software (Applied Biosystems). Cluster analysis was per-
formed using BioNumerics software (Applied Maths, Sint-Martens-Latem, Bel-
gium) based on T-RFLP patterns. The Jaccard matching coefficient was used for
objective interpretation of the difference in T-RF patterns. The distances of
similarity among samples were represented graphically by constructing a den-
drogram. The unweighted pair-group method with arithmetic mean (UPGMA)
was used to establish the dendrogram type. T-RFs were quantified as the pro-
portion of total peak area of all T-RFs. The significant differences between the
samples at 1 week after administration and other time points were calculated
using Student’s ¢ test (P < 0.05). Characteristic peaks were identified by direct
cloning of T-RFs as previously described (22). Reproducibility of T-RFLP pat-
terns was previously investigated in detail (25, 34).

168 rRNA gene sequences. The human inoculum, mouse fecal samples 1 and
4 weeks after administration, and mouse colon samples 8 weeks after adminis-
tration were used for cloning and sequencing to compare with T-RFLP analysis
results. Sequencing of the 168 rRNA genes was performed based on a previous
study (17). All sequences were compared with similar sequences of the reference
organisms by BLAST (1) and FASTA (27) searches and checked for possible
chimeric artefacts by the CHIMERA CHECK program of the Ribosomal Da-
tabase Project-II (4). All sequences underwent fragment analysis with restriction
enzymes by compuler simulation and were compared by T-RFLP analysis. The
term “phylotype” is used for a cluster of clone sequences that differs from the
sequence of a known species by approximately 2%, and these clusters were at
least 98% similar to numbers within a cluster of clone sequences (26).

PCR and sequencing for the detection of HDL. Three primer sets were used
for the detection of HDL. One primer and one primer set used in this study were
designed in previous studies of the detection of lactic acid bacteria (LAB) or
Lactobacillus spp. (11, 40). A reverse primer; 8-G-Lab-0677-a-A-17 (Lab-0677r,
5'-CACCGCTACACATGGAG-3"), was designed by Heilig et al. (11). Two
primers, Lac 1 (5'-AGCAGTAGGGAATCTTCCA-3') and Lac 2 (5'-CATGT
GTAGCGGTGRAAT-3'), were designed by Walter et al. (40). Lab-0677r was
used with 5' FAM-labeled 27f for LAB-specific T-RFLP analysis of the human
noculum and infestinal contents of HFA mice. LAB-specific T-RFLP analysis
was performed with four restriction enzymes, Hhal, Mspl, Haelll, and Alul. The
27{-Lab-0677r primer set and Lac 1-Lac 2 primer set were also used in cloning
to identify amplicons. The amplification program conformed to the description
of each previous study (11, 40). After the identification of HDL, we designed the
forward primer HDL-f (5-AGGATAGAGGC-3") to amplify the HDL. Nested
PCR was performed to detect the HDL. Lac 1 and Lac 2 were used for first-
round PCR. HDIAf and Lac 2 were used for second-round PCR. The program
included 94°C for 3 min; 30 cycles consisting of 94°C for 30 s, 51°C for 30 s, and
72°C for 30 s; and a final extension period at 72°C for 3 min. Ten nanograms of
DNA from the first-round PCR amplicon was subjected to a second PCR in a
50-p reaction mixture. Amplifiecd DNA was verified by 1.5% agarose gel elec-
trophoresis and sequencing.

Nucleotide sequence accession numbers. Sequences of the 16S rRNA genes of
new phylotypes derived from humans in this study were deposited with the
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GenBank database under accession numbers AB191009 to AB191022. Repre-
sentative sequences of the 165 rRNA genes confirmed in this study, i.e., of HDL
derived from human inoculum, of an Aerococcus sp. derived from HFA mouse
intestine, and of HDL derived from HFA mouse inlestine, were deposited in
GenBank under accession numbers AB191025 to AB191027, AB191028 to
AB191030, and AB191023 to AB191024, respectively.

RESULTS

Dynamics of intestinal microbiota in HIFA mice. The shift of
intestinal microbiota in HFA mice after the administration of
human feces was determined by T-RFLP patterns. Unique
changes over time were revealed by T-RFLP profiles of sam-
ples derived from HFA mice (Fig. 1). Common or character-
istic T-RFs were detected in all samples. Characteristic T-RFs
detected in all samples were confirmed numerically, and sig-
nificance was calculated by Student’s ¢ test (P < 0.05) (Table
1). Increases in T-RFs over time were at bp 56, 184, and 196;
in contrast, decreases in T-RFs with time were at bp 366.
Although the T-RFs at bp 730 were detected at a high rate in
human inoculum, they were not detected at such a high rate in
HFA mouse samples. T-RFs at bp 231, 440, and 808 were
detected in samples of intestinal contents but were not de-
tected or were detected in small populations in fecal samples.
We designated these T-RFs as “persisting.” 16S rRNA genc
clone library analysis and direct cloning of T-RFs were used to
identify these unique movements (Table 1). All sequences ob-
tained from each sample had a fragment position confirmed by
computer simulation. Almost all the T-RFs were presumed to
represent species or phylotypes detected by 16S rRNA gene
clone library analysis. The same identification was confirmed
by direct cloning of T-RFs (data not shown).

16S rRNA gene sequencing of intestinal microbiota in the
human inoculum and HFA mice. The numbers of clones de-
tected in samples of the inoculum, in a fecal sample 1 and 4
weeks after administration, and in a colon sample 8 weeks after
administration are shown in Table 2. One hundred eighty-
seven clones from the inoculum were analyzed. Sequences
were classified into 12 phylogenetic groups. Although no exact
165 rRNA gene similarity limits exist to define specific taxa
such as genus and species, species definition in general re-
quires sequence similaritics of greater than 98% (36). All
clones were divided into 81 species, including phylotype. About
83% of clones detected in samples of the inoculum belonged to
phylotypes. About 40 clones derived from fecal samples at 1-
and 4-week time points were analyzed because the T-RFLP
patterns at these two time points in HFA mice resembled each
other. Additionally, about 40 clones derived from the colon
sample at 8 weeks in HFA mice were analyzed. Clones iden-
tified as the Bacteroides group, the Clostridium cluster 1V, or
the Clostridium cluster XIVa were detected at a high rate in all
samples, including the human inocutum. Clones belonging to
the “Ganunaproteobacteria” group, the Verrucomicrobium
group, and the Coriobacteriaceae were detected only in samples
from HFA mice.

Cluster analysis of intestinal microbiota in the offspring of
HFA mice. We performed dendrogram analysis based on Jac-
card matching coefficients of T-RFLP profiles to assess the
similarity of microdiversity in the intestine among the samples.
UPGMA was used for the dendrogram (Fig. 2). The human
inoculum was compared with other human fecal samples (Fig.
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FIG. 1. Movement of intestinal microbiota in HFA mice by T-RFLP analysis. T-RFLP patterns of 16S rRNA genes from samples digested with
Hhal. The minimum and maximum values of the ordinate are 0 to 500 fluorescence units. The unique T-RFs are shown by arrows. The peaks
detected in only the intestinal contents of HFA mice are indicated as persisting (P).

2A). The difference in similarity indices among the samples,
except for the Hu-2 sample, was not significant by ¢ test. In
addition, T-RFLP patterns of samples from HFA mice and
their offspring were determined in addition to those of human
samples (Fig. 2B). The dendrogram was divided into two clus-
ters (I and IT). Cluster I was formed by only human samples,
excluding the human inoculum. Cluster TI was formed by sam-
ples from HFA mice and their offspring and the human inoc-
ulum. Moreover, for similarity indices of about 45%, cluster I1
was divided into two subclusters (IT-a and II-B). The inoculum
sample became an outgroup of cluster TI. Subcluster 1I-a was
composed only of samples from HFA mice, and subcluster II-3
was composed only of samples from offspring.

Detection of HDL by specific primers. To confirm the exis-
tence of HDL in the intestine of HFA mice, three primer sets
were used in this study. The first set, primer 27f and the
Lab-0677r primer designed by Heilig et al. (11), was used for
LAB-specific T-RFLP analysis with four restriction enzymes
(Hhal, Mspl, Haelll, and Alul). T-RFs derived from HFA
mouse samples by use of this primer set appeared at bp 588 to
589, 556 to 560, 263 to 264, and 683 to 684, digested by Hhal,
Mspl, Haelll, and Alul, respectively.

From the computer simulation results, any bacteria belong-
ing to the genus Laciobacillus were not assigned to these re-

striction sites. On the other hand, T-RFs derived from the
human inoculum appeared at bp 691 (digested by Hhal), at bp
134 and 164 (digested by Mspl), at bp 213 (digested by
HaellT), and at bp 68 and 246 (digested by Alul). The T-RFLP
analysis results were different for the inoculum and HFA sam-
ples. However, these restriction sites were also not assigned.
To identify the composition of bacteria in these T-RFs, ampli-
cons from HFA mouse samples were confirmed by cloning and
sequencing. All clones derived from HFA samples were more
than 98% similar to the species Aerococcus viridans at Esche-
richia coli positions 27 to 677. The restriction fragment lengths
of the Aerococcus viridans clones were 581, 555, 266, and 1,069
bp, digested by Hhal, Mspl, Haelll, and Alul, respectively.
There was no restriction site for Alul at positions 27 to 677.
This result was identical with LAB-specific T-RFLP results for
HFA mouse samples. We found no lactobacilli in HFA sam-
ples by use of the 27f-Lab-0677r primer set. Therefore, an-
other primer set, Lac 1-Lac 2, was used. This primer set was
designed by Walter et al. (40) for the amplification of LAB
from samples. These amplicons were confirmed by cloning and
sequencing. Clones derived from the human: inoculum were
more than 98% similar to the species Lactobacillus delbrueckii
at Escherichia coli positions 355 to 644. These clones were
designated HDL. However, clones derived from HFA mice
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TABLE 1. Dynamics and persistence of characteristic T-RFs and identification of the T-RFs

Ratio of T-RF area at indicated time after administration®

Identification by 16S clone libraries

Ratio of T-RF area
in inoculum feces

Trend?

Feces
Small intestine Cecum Colon
2 wk 4wk

1wk

{bp)

Position

Uncultured Clostridium cluster XVIa
Uncultured Clostridium cluster VI

Uncultured Clostridium cluster XVia
“Gammaproteobacteria”and

ND*

0.32 = 0.02
0.84 £ 0.10
ND
ND
0.64 £ 0.13

e —

1,23 = 0.34*
1.84 = 0.98
1.09 = 0.27
1.79 £ 0.75
0.85 = 0.16*

1.50 = 0.31*
1.82 = 0.58*
0.86 = 0.20
1.26 = 0.36
1.08 = 0.32%

1.45 = 0.60*

3.91 = 1.09*
3.24 = 0.64*
1.16 = 0.17*
143+ 116

2.72 % 0.89*
3.87 £ 1.81*
0.91 = 0.06*
0.20
1.07 = 0.37*

0.63 = 0.08*
0.70 = 0.06*
0.66 * 0.06
ND
1.03 + 0.08*

0.17 £ 0.02
0.41 = 0.07
0.60 = 0.06
ND
20.7 £ 5.37

56

184
196
231
366

Coriobacteriaceae
Uncultured firmicutes

ND

137+ 0.26

2+ 0.54*
0.61 = 0.17

v
S

0.32 = 0.05 0.24 = 0.01* 6.25 = 1.17% 262 = 0.21*
0.52 = 0.09

0.85+0.17

0.31 =001

440
730

Uncultured Clostridium clusters VI

091 £ 0.15*

ND

3+ 0,05

0.3

and IX

ND

288 +1.25 1.59 = 0.30 1.24 £ 0.32

ND

ND

808

characteristic T-RF area to total area (mean * standard error). Values for small intestine, cecum, and colon were determined at 8 weeks. *, Significantly different by paired ¢ test from the value

“ Values are ratios of a
for the sample at 1 week.

® Changes in T-RF area after administration of human inoculum over time, 1, increase: |, decrease; P, persistent in intestine.

“ ND, not detected as T-RFs or clones.
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were not similar to HDL but were similar to Aerococcus spp.
This result was identical to the result determined with another
primer set (27f-Lab-0677r). Therefore, in the second PCR, a
primer (HDIL-f) was designed to discriminate between HDL
and other LAB. HDL were detected in seven of all the samples
from HFA mice (Table 3). All amplified products were con-
firmed by sequencing.

DISCUSSION

Horizontal transmission of intestinal microbiota in HFA
mice. HFA mice have been exploited and used as a tool re-
flecting human intestinal microbial ecology (6, 7, 36). Although
the development of intestinal microbiota in HFA mice has
been revealed by culture methods (12), there are few reports of
the use of molecular methods (5, 7, 15). Our work has revealed
the movement and persistence of human intestinal microbiota
in formerly germfree mice by T-RFLP analysis. Additionally,
some bacteria in unique T-RFs were identified in a comparison
with 16S rRNA gene sequences and direct cloning of T-RFs
(Table 1). Only a proportion of the T-RF peak at bp 366,
identified as the “Gammmaproteobacteria” group and/or Cori-
obacteriaceae, was reduced. We also confirmed that the in-
creased T-RFs were affiliated with the Clostridium group. Ac-
cording to the culture mecthod (12), the number of
Enterobacteriaceae decreased rapidly after the third day after
inoculation. Conversely, anaerobic bacteria were dominant in
HFA mice. Our results are in agreement with previous studies
(12) because the “Gammmaprotecbacteria” group belonging to
Enterobacteriaceae and bacteria of the Clostridium group are
anaerobic bacteria. However, most of the bacteria isolated in
this stady belonged to phylotypes. Briefly, most of human in-
testinal bacteria with unique shifts in the intestines of HFA
mice have not yet been cultured.

HFA mice have limitations as a model because some of their
enzyme activities and products of intestinal microbiota are
different from those of humans. This result indicates that the
limitations of HFA mice are caused by the differential compo-
sition of bacteria belonging to phylotypes. Bacteria in the Clos-
tridium cluster X1Va and the Clostridium cluster TV were dom-
inant in specific-pathogen-frec mice and in conventional mice
(9, 16, 17, 29). In spite of different environments, Clostridium
group bacteria can inhabit the mouse intestine. Therefore, the
physiological conditions of the mouse intestine might be suit-
able for these bacteria.

The change of indigenous bacteria in the intestine. The 169
rRNA gene clone sequences were used to identify microbiota
of the human inoculum and of samples from HFA mice (Table
2). Clones belonging to the Bacteroides group, the Clostridium
cluster IV, and the Clostridium cluster XIVa were detected in
all samples at a high rate. However, clones belonging to the
“Gammmaproteobacteria” group, the Verrucomicrobium group,
the “Deltaproteobacteria” group, and the Coriobacteriaceae
were detected only in samples from HFA mice. Godon et al.
(8) reported the relationship between the number of sequences
and the cumulative number of operational taxonomic units. In
this study, despite the analysis of a small number of clones,
many clones of these bacteria were detected only in HFA mice.
This indicated the possibility that the population of these bac-
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TABLE 2. Numbers of species and clones detected in 16S rRNA sequences
HFA mouse sequences
Human sequences
1wk 4 wk 8 wk
Bacterial group
No. Ratio (%) No. Ratio (%) No. Ratio (%) No. Ratio (%)

s/ip  Clone sjp  Clone s/p Clone  sip Clone s/p Clone sip Clone sp Clone sip  Clone
Bacteroides 11 19 136 104 6 7 375 259 4 4 500 308 5 16 238 381
Clostridium cluster T 2 3 2.5 1.6 ND< ND ND ND ND ND
Clostridium cluster IV 23 54 284 295 3 4 188 148 1 4 125 308 3 3 14.3 7.1
Clostridium cluster IX 6 14 7.4 7.7 ND ND ND ND ND ND
Clostridium cluster XIVa 29 53 358 290 6 8 375 296 2 2 250 154 7 7 333 167
Clostridium cluster XIVb 1 2 1.2 1.1 ND ND ND ND ND ND
Clostridium cluster XVI 1 24 1.2 131 ND ND ND ND ND ND
Clostridium cluster 1 1 12 0.5 ND ND ND ND ND ND

XVIII

Unclass Clostridium 3 7 37 38 ND ND ND ND ND ND
Streptococcus 2 3 2.5 16 ND ND ND ND ND ND
Actinobacteria 1 2 1.2 1.1 ND ND ND ND ND ND
“Deltaproteobacteria” 1 1 1.2 05 ND ND ND ND 1 1 48 2.4
“Gammaproteobacteria” ND  ND 1 8 63 296 ND ND ND ND
Verrucomicrobium ND ND ND ND 1 3 125 231 4 14 190 333
Coriobacteriaceae ND ND ND ND ND ND 1 1 4.8 2.4
Total 81 183 100 100 16 27 100 100 8 13 100 100 21 42 100 100

2 The time point alter administration.
b s/p, species or phylotype.
¢ ND, not detected as clones.

teria was changed between the intestines of humans and HFA
mice.

Almost all T-RFs of bacteria in the Bacteroides group in the
database, which were digested with Hhal, are located from bp
94 to 104. Moreover, the computer simulation confirmed that
clones in the Verrucomicrobium group corresponded to T-RFs
at bp 98 with Hhal digestion. Therefore, T-RFs of both groups
overlapped at bp 98. Although the movement of the T-RFLP
pattern at bp 98 was not confirmed, the dominant bacterial
group in HFA mice might change from those present in inoc-
ulated human feces.

Movement of intestinal microbiota to the offspring of HFA
mice. By the use of culture methods, an earlier study revealed
that HFA mice could be reproduced by breeding (14). In the
present study, T-RFLP analysis was used to confirm the trans-
fer of intestinal microbiota to the offspring of HFA mice. To
compare the whole T-RFs in samples, we used dendrogram
analysis derived from the similarity of T-RFLP patterns among
samples. The human inoculum was compared with other hu-
man fecal samples (Fig. 2A). The inoculum sample was not
specific among human fecal samples because it was not an
outgroup of the cluster. This result was confirmed by a ¢ test of
similarity indices among T-RFLP patterns. T-RFLP patterns
of samples from HFA mice and their offspring were deter-
mined in addition to those from human samples (Fig. 2B). The
dendrogram was divided into two large clusters. Cluster I was
composed only of human samples. Cluster IT was composed of
samples from HFA mice, their offspring, and the human inoc-
ulum. This result indicated that the intestinal microbiota of
HFA mice and their offspring was more similar to that of the
inoculum than to that of other human samples. Moreover, this
result indicated that the composition of intestinal microbiota
of HFA mice and their offspring reflected the individual dif-

ferences of human intestinal microbiota. On the other hand,
cluster II was divided into two subclusters. Subcluster IT-a was
composcd of samples from HFA mice, and subcluster II-f was
composed only of samples from the offspring. These results
indicated that the microbiota in HFA mice was changed by
host-specific modification from the bacterial composition of
the inoculum in their intestines, although the intestinal micro-
biota of HFA mice and their offspring reflected the composi-
tion of the inoculum as in previous studies (14). Moreover, the
intestinal microbiota of offspring showed greater modifications
than did the microbiota of their parents.

Existence of the HDL in HFA mice. The genera Lactobacil-
Ius and Bifidobacterium derived from humans seem to hardly
colonize in the mouse intesting (13, 28, 41). In particular,
although lactobacilli are the predominant bacteria in the
mouse intestine, previous studies could not detect them in
HFA mice (13, 28) by culture methods. We used three primer
sets in this study (27f-Lab-0677r, Lac 1-Lac 2, and HDL~f-Lac
2). Two LAB-specific primer sets (27f-Lab-0677r and Lac
1-Lac 2) were used to detect LAB in the human inoculum and
in the HFA mouse intestine. HDL was detected in the human
inoculum by LAB-specific primer sets. However, clones de-
tected from the HFA mouse intestine were identified not as
HDL but as bacteria of the genus Aerococcus by both primer
sets. The clone identified as the Aerococcus species was not
detected in the human inoculum. From the results of the dif-
ferential detection, our results suggested that the populations
of HDL and Aerococcus bacteria in samples were different
between the human inoculum and the HFA mouse intestine.
Therefore, a specific primer for HDL was designed to detect
HDL in the intestines of HFA mice, and we performed nested
PCR for increased sensitivity of detection. Consequently, HDL
were detected in seven samples from HFA mice (Table 3) and
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revealed that HDL could exist in HFA mice. Hirayama et al.
(13) considered that the bacterial balance in the intestines of
HFA mice might be controlled by physiological conditions of
the mouse intestine and not by the balance of microbes in

human feces. HDL in this study were most similar to L. del-
brueckii. This bacterium can be established in the murine ce-
cum (21, 38). Therefore, HDL may also be established in the
intestines of humans and mice under different physiological
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TABLE 3. Detection of HDL by use of each primer set

Detection by primer set®:

Sample no. Time Tract?
point”(wk) Lac 1-lac2  HDL--Lac 2
HFA-1 1 F + ND
2 F + ND
4 F + +
8 S + +
C + ND
L + ND
HFA-2 1 F + ND
2 F + ND
4 F + +
8 S + +
C + ND
L + ND
HFA-3 1 F + ND
2 F + +
4 F + ND
8 S + ND
C + ND
1. + ND
HFA-4 1 F + ND
2 F + ND
4 F + ND
8 S + ND
C b +
L + ND
HFA-5 1 F + ND
2 F + ND
4 F + +
8 S + ND
C + ND
L + ND

4 The time point after administration of human feces.

% Intestinal tracts of samples derived from HFA mice. F, feces; S, small intes-
tine; C, cecum: L, large intestine.

¢ +, detected; ND, not detected by PCR.

conditions. Imaoka et al. (15) improved HFA mice for the
evaluation of functional food, and they reported that the HFA
mice with segmented filamentous bacteria were able to retain
HDL for 14 days. In this study, the HDL were detected at
random and regardless of time point or intestinal fract. Our
results indicated that the intestines of HFA mice have difficulty
in retaining HDL or that HDL are difficult to detect in intes-
tinal samples from HFA mice. .

This study showed the dynamics of human intestinal micro-
biota in formerly germfree mice, and the movement and per-
sistence of many unidentified bacteria were also shown. These
results indicated that although HFA mice reflect the compo-
sition of individual human intestinal bacteria, there are differ-
ences between dominant bacterial populations. Moreover, we
revealed that HDL could be established in the HFA mouse
intestine. This report showed the intestinal bacteria of HFA
mice by the use of molecular techniques in regions and time
points, and a new concept could therefore be introduced. The
composition of intestinal microbiota of colonized HFA mice
was selected from a limited sample of bacteria derived from
human inoculum. This finding would be reflected by a host-
bacterium interaction, physiological conditions, and diet dif-
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ferences between humans and mice. We need to further the
establishment of a suitable model for study and to clarify the
details of the interaction between the host and the bacteria
based on this research.
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The dynamics of the developmental bacterial com-
munity in the Japanese neonatal gastrointestinal tract
were examined by monitoring 168 ribosomal RNA gene

(rDNA) diversity in fecal samples by PCR and denatur-’

ing gradient gel electrophoresis (DGGE). The results
showed a certain pattern common in infants without
antibiotic treatment, in which aerobes, e.g., Pseudomo-
nas, appeared first and were then immediately replaced
by facultative anaerobe, Enterococcus, Sireptococcus,
and Enterobacteriaceae through the first month, and
finally strictly anaerobic Bifidobactrerium appeared.

Key words: denaturing gradient gel electrophoresis
(DGGE); gastrointestinal tract; infant; 168
rRNA; intestinal microbiota

Soon after birth, bacterial colonization starts in the
previously germfree gastrointestinal tract and commen-
sal host-microbial relationships begin.!? The colonizing
bacteria contribute to maintenance of the mucosal
barrier, facilitate carbohydrate assimilation, and modu-
late the mucosal immune system. Thus, the initial
development of intestinal microbiota is considered to
have great influence on the health of the infant. In this
study, the succession of the gastrointestinal bacterial
community was examined for the first two months in
nine Japanese infants by monitoring 16S ribosomal
RNA gene (rfDNA) diversity in fecal samples.

All infant subjects (infants nos. 1, 2, 5, 6, 10, 20, 24,
25, and 33) participated in this study were vaginally
delivered. Infant no. 5 was fed formula milk and the

other infants were fed both breast and formula milk
during the sampling period. Infants no. 1 and no. 33
were subjected to antibiotic therapy, receiving cefalex
(50 mg/kg, 4 times a day) the first four days, whereas
infant no. 5 was treated on day O only. Fecal samples
were collected on day 0/1, day 3, day 5, month 1, and
month 2 (there was no month-2 sample from infant
no. 5). All the parents of our subjects gave written
informed consent and the Ethics Committee of the
Faculty of Medicine of Kyoto University approved this
study protocol.

DNA was isolated from each fecal sample using a
bead beating method essentially as previously describ-
ed,¥ except for 2-3 times washing of the fecal sample
before the bead beating step. In order to construct 163
rDNA libraries, a V1-V3 region of 16S rDNA was
amplified from cach sample by PCR with 8UA (5'-AG-
AGTTTGATCCTGGCTCAG-3")® and 519B (5'-ATT-
ACCGCSGCTGCTG-3')» primers, and cloned into a
pGEM-T vector (Promega, Madison, WI), and trans-
formed in E. coli IM109. About ten clones from each
library were sequenced. In total, 357 clones were
sequenced and the ribotypes found are summarized with
the result of the database search in Table 1.

PCR-denaturing gradient gel electrophoresis (PCR-
DGGE), which allowed rapid and efficient molecular
fingerprinting of gut microbiota,>® was performed in
order to monitor the succession of the infant fecal
bacterial community. The variable region V2-V3 of 16S
rDNA was amplified by PCR using primers HDA1-GC
(5'-CGC CCG GGG CGC GCC CCG GGC GGG GCG

t To whom correspondence should be addressed. Tel/Fax: +81-92-642-3020; E-mail: nakayama@agr.kyushu-v.ac.jp
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Table 1. List of Ribotypes Obtained in This Study
Ribotype Closest sequence relative? % Numbers Accession
(species) identity clones subjects DGGE no.
Gram-positive facultative anaerobes
Ef Enterococcus faecalis 99.4 25 4 7 AY635946
Ss Streptococcus salivarius 99.8 14 6 3 AY635947
Sp Streptococcus parasanguis 96.4 12 3 7 AY635948
Se Staphylococcus epidermidis 100.0 1 4 8 AY 635949
Pa Propionibacterium avidum 99.0 4 3 0 AY635950
Em Enterococcus faecium 99.8 4 2 6 AY635951
Sa Streptococcus anginosus 99.8 4 1 1 AY635952
Lg Lactobacillus gasseri 99.8 2 2 0 AY635953
St Streptococeus thermophilus 99.8 2 1 5 AY635954
Sm'’ Streptococcus mitis 96.6 2 1 0 AY635955
Sm Streptococcus mitis 99.0 1 1 4 AY635956
Sc Streptococcus cremoris 99.1 1 1 3 AY635957
Si Streptococcus infantarius 99.6 1 1 1 AY635958
Gram-positive strict anaerobes
Cb Clostridium butyricum 100.0 25 4 4 AY635959
Bd Bifidobacterium dentium 99.0 11 5 5 AY635960
Bp Bifidobacterium pseudocatanulatum 100.0 11 2 5 AY635961
Fm Finegoldia magna 98.8 2 2 0 AY635962
Rm Ruminococcus sp. 99.0 2 1 1 AY635963
Ch Clostridium hathewayvi 98.6 3 1 1 AY635964
Gram-positive aerobes
Mm Micrococcus mucilaginosus 98.8 5 2 1 AY635965
Ar Acinetobacter rhizospaerae 98.7 5 1 0 AY635966
Gram-negative facultative anacrobes
Es Enterobacter sp. B901-2 99.8 32 5 6 AY635967
Kp Klebsiella pneumoniae 99.2 31 6 2 AY635968
Km Klebsiella milletis 99.0 19 8 6 AY635969
Ec Escherichia coli 99.2 15 2 3 AY635970
Ko Klebsiella oxytoca 99.6 12 2 2 AY635971
cd Citrobacter diversus 98.5 5 2 0 AY635972
Kr Klebsiella rennangify 99.0 9 3 4 AY635973
Cg Calymmatobacterium granulomaltis 99.0 7 4 1 AY635974
Ea Enterobacter aerogenes 97.8 5 2 0 AY635975
Km' Klebsiella milletis 99.0 3 3 1 AY635976
Sf Escherichia coli 99.4 3 2 0 AY635977
Ko' Klebsiella oxytoca 98.3 2 1 1 AY635978
Kr Klebsiella rennangify 98.9 2 1 0 AY635979
Gram-negative strict anaerobes
Bu Bacteroides uniformis 99.4 8 3 1 AY635980
Vp Veillonella parvula 98.9 1 1 1 AY635981
%28 Veillonella parvula 98.4 1 1 1 AY635982
Gram-negative aerobes
Pm Pseudomonas marginalis/reactans [veronii 99.4 28 5 5 AY635983
Fh Flavobacterium heparinum 98.1 8 3 3 AY635984
Pt Pseudomonas rolaasii 99.6 7 4 2 AY635985
Ad Acidovorax deflvii 99.4 6 1 I AY635986
Ph Phyllobacterium myrsinacearum 99.6 4 1 0 AY635987
Pr Pseudomonas trivialis{poae 99.6 2 2 2 AY635988

Ribotypes found with more than two clones in the 168 rDNA libraries or found only once but also detected in DGGE are listed.
“Cultured bacteria in Genbank showing highest identity as a result of Blast search.
®The number of bands corresponding 1o the indicated species in the DGGE (Fig. ).

GGG GCA CGG GGG GAC TCC TAC GGG AGG
CAG CAG T-3') and HDA2 (5'-GTA TTA CCG CGG
CTG CTG GCA C-3").” The PCR condition was as
follows: 94 °C for 5min, 30 cycles consisting of 94 °C
for 40s, 58°C for 20s, and 72°C for 1 min, and finally
72°C for 5min. DGGE analysis was performed as
described by Muyzer et al® and Heilig ez ol.” using a
Dcode System apparatus (Bio-Rad, CA). Each band in
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the DGGE gel was assigned one of the ribotypes in
Table 1 either by sequencing of DNA fragments excised
from the DGGE gel or by comparing band positions with
those of reference clones derived from the 16S rDNA
clone library.

Figure 1 shows the DGGE profile of nine subjects.
Although each subject showed individual banding
patterns, a stepwise development from aerobic to
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Fig. 1. PCR-DGGE Profiles Representing the Fecal Bacterial Com-
munity in the First Two Months of Nine Infants.

The bands identified with ribotypes in the 16S rDNA clone
libraries are indicated by arrowheads with their names listed in
Table 1, except K* which indicates unidentified Klebsiella spp.
Open and black arrowheads represent Gram-negative and Gram-
positive bacteria respectively. Open, black, and outlined letters
represent aerobic, facultatively anaerobic, and strictly anaerobic
bacteria respectively. Bold lines under the sampling days indicate
the period of antibiotic treatment. Electrophoresis was done in 8%
polyacylamide gel with a denaturing gradient of 30-65%, where
100% corresponds to 7 M urea and 40% formamide. The gel was run
at 100V for 6.5h at 60°C and then stained in 1 x SYBR Gold
(Molecular Probes, Eugene, OR).

anaerobic microbial ecosystem was observed in the
succession of bacterial composition in the seven subjects
(nos. 2, 5, 6, 10, 20, 24, and 25) without successive

antibiotic treatment in the first four days. In the
beginning, bands corresponding to aerobic Gram-neg-
ative bacteria such as Pseudomonas appeared and they
were then replaced by facultatively anaerobic bacteria
such as Streptococcus, Enterococcus, or Staphylococcus
epidermidis and Enterobacteriaceae. Particularly, strong
bands closely related to Streptococcus parasanguis,
Streptococcus cremoris and Streptococcus thermophilus
appeared on day 3 in many subjects. It is interesting to
note that a large majority of the bacteria types such as
Streptococcus parasanguis, Streptococcus milis, Strep-
tococcus salivarius, Bifidobacterium dentium, and Veil-
lonella parvula detected in this period are regarded as
oral-origin bacteria rather than intestinal species. This
suggests that these oral-origin bacteria may transiently
colonize the intestine during this period.

Bifidobacteria detected in the bottom part of the
DGGE gel appeared within two months in most subjects.
In infant no. 2, Bifidobacterium pseudocatanulatum
colonized predominantly from day 3 and continued
until 2 months of age. This subject was only the case
which agreed with the finding of previous studies,>'%!Y
showing that bifidobacteria usually appear and become
dominant within a week after birth. The appearance of
bifidobacterial bands in infant no. 2 was concomitant
with a decrease in Enterobacteriaceae bands, which
appeared as dominant on day 3. A concomitant decrease
in Enterobacteriaceae with an increase of bifidobacteria
in breast-milk fed infants has been reported.'? Bands
related to Clostridium buryricum were also detected
in infants nos. 6, 10, 20, and 24, in which they appeared
earlier than bifidobacteria. The other strict anaerobes,
Veillonella parvula-like bacteria, and Ruminococcus sp.
were found only in infant no. 25. Bacteroides uniformis
was detected only at day 5 in infant no. 5 (antibiotic
treatment on day 0) who was the only subject brought up
only on formula milk.

Infants nos. 1 and 33 treated with antibiotics in the
first 3 days showed relatively simple microbiota, and the
developmental patterns deviated remarkably from the
trends observed in the other subjects without antibiotic
treatment. In infant no. 1, a dominant band correspond-
ing to Micrococcus mucilaginosus, which is not a
common inhabitant of the intestine, appeared suddenly
on day 5 and completely disappcared during month 1.
In infant no. 33, a dominant band corresponding to
Enterococcus faecium appeared on day 3 and disap-
peared during month 1. No bands corresponding to
bifidobacteria and other strict anaerobes were found in
the testing period in either baby and only bands
corresponding to  Enterobacteriaceae were found
during month 1 and month 2, suggesting domination by
Enterobacteriaceae. This was also indicated by the data
of random sequencing of 16S rDNA clone libraries,
which showed that all 30 clones sequenced from the
month-1 and month-2 libraries of these two subjects
belonged to Enterobacteriaceae. These data showed that
antibiotic treatment at the beginning of life has strong
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influence on the establishment of a normal microbial
ecosystem in the intestine.

In conclusion, this molecular study indicates the
stepwise development from aerobic to anaerobic micro-
bial ecosystem with a variety of bacterial groups,
although the process differed among individuals at the
species level. The step of the bacterial colonization in
the gastrointestinal tract is most likely a key to the
developmental process. Strong antibiotic treatment
interrupted the development of normal microbiota,
including bifidobacteria. Further studies with modern
molecular methods are needed for understanding of the
environmental and host factors affecting the develop-
mental process of neonatal microbiota.
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Introduction

Summary

Hyper-immunoglobulin E (IgE) syndrome (HIES) is one of the primary
immunodeficiency syndromes. Although the cytokine dysregulation is sug-
gested to play a role in its pathophysiology, the causative gene has not yet been
identified. To investigate the pathophysiology and candidate genes involved in
this disease, we performed microarray analysis of unstimulated peripheral
CD4" T cells and CD14* cells, as well as peripheral blood mononuclear cells
(PBMNC) stimulated with Staphylococcus aureus isolated from HIES patients
and healthy controls. By microarray analysis, 38 genes showed over 2-fold dif-
ferences between the HIES patients and healthy controls in purified CD14*
cells, although only small differences in the gene expression profiles were
observed between the two groups in purified CD4* T cells. RGC32 expression
levels showed the greatest difference between the two groups, and were sig-
nificantly elevated in HIES compared with those in severe atopic dermatitis
or healthy controls using real-time PCR. A significantly larger number of
lysosome-related genes were up-regulated, and significantly larger number of
genes related to cell growth and maintenance were down-regulated in HIES.
After the stimulation of PBMNC with Staphylococcus aureus, 51 genes showed
over 3-fold differences between HIES patients and healthy controls. A signifi-
cantly large number of immunoglobulin-related genes were up-regulated in
HIES. The distinct patterns of gene expression profiles and RGC32 expression
levels will be useful for understanding the pathophysiology and for diagnosis
of HIES, respectively.

Keywords: hyper-immunoglobulin E syndrome, microarray/ genomics/ pro-
teomics, immunodeficiency—primary

philia in HIES. In other reports, mitogen-induced secretion
of 1L-4 and IFN-y by PBMNC was not different between

Hyper-immunoglobulin E (IgE) syndrome (HIES) is a rare
primary immunodeficiency, characterized by severe recur-
rent staphylococcal infections, eczema, and markedly ele-
vated levels of IgE [1,2]. Pneumatoceles, dental and skeletal
abnormalities and neutrophil defects are sometimes
observed in patients with HIES [3,4]. Since the causative
gene of HIES has not been identified, the diagnosis of HIES
is sometimes difficult because of the similarity of symptoms
to severe atopic dermatitis, particularly during early infancy.

Previous studies suggested that there might be a Th1/Th2
imbalance, especially a defect in Th1 induction [5-9], which
may account for the high serum levels of IgE and eosino-

patients with HIES and healthy controls [10,11]. Susceptibil-
ities to bacterial and fungal infections in HIES indicate pos-
sible defects in phagocytes and T cells, while bone and dental
abnormalities suggest certain defects in monocyte-lineage
cells such as osteoclasts and osteoblasts.

Thus, to assess the pathogenesis and pathophysiology of
the HIES, we purified CD4* T cells and CD14" cells from
HIES patients and analysed the whole gene expression with
microarray. HIES showed characteristic gene expression pat-
terns compared with controls. Analysis of distinct gene
expression patterns would be useful in the understanding of
the pathophysiology as well as in the diagnosis of HIES.
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]
Methods TeZlgszsgrss
R B i
Patients & =
Eight patients (median age 165 years, range 5-34 years; 3 gy %‘ e o ; oo
males and 5 females) with HIES were enrolled in this study. 3 g SI88Rg¥ERG
The patients’ characteristics are shown in Table 1. The sam- & T w -
ples obtained from patients 4 and 7 (Table 1) were used in -
the microarray analysis. As the controls, peripheral blood & g Zlsgsgensgs
was obtained from 17 age-matched patients with severe Swmslgh REEEEE
atopic dermatitis (median age 8 years, range 1:0-34 years; 11 =
males and 6 females) and 15 healthy donors (median age 11 2
years, range 3—20 years, 8 males and 7 females). All the atopic % L
patients had typical skin manifestation with increased serum 3
levels of IgE (range 18319504 IU/ml, median 3438 TU/ml) 5 g
with or without eosinophilia (range 308~2018/pl, median E é - I T
860/pl), and did not have the recurrent infection, lung cyst, 5 e %
abnormal facies, or bone abnormalities. The median values .
(ranges) of points of HIES diagnosis scoring system [12] g 2 5
were 25 (18-31) in HIES patients, and 16 (4~25) in atopic *3 _E 8 b+ b+ o+
dermatitis patients (P<0-01, by Mann-Whitney’s test). &g
Informed consent was obtained from all patients and healthy —
donors. This study was approved by Regional Commiittee of é é I
Ethics for Human research at Faculty of Medicine of Kyushu 28 *
University.
=
Isolation of CD4" T cells and CD14" cells § ;53 S
I
PBMNC were separated immediately using density-gradient 5
centrifugation using LSM (Cappel-ICN Immunobiologicals, oo
Costa Mesa, CA, USA). CD4" T cells were purified using cell § S L e R B
sorter (EPICS ALTRA; Beckman Coulter, Hialeah, FL, USA) .
after staining with phycoerythrin (PE)-conjugated anti-CD4 g
antibody (Beckman Coulter). CD14* cells were isolated El+ + 4+ 4+ + + + 4+
using CD14 MicroBeads (Miltenyi Biotec GmbH, Bergisch E
Gladbach, Germany). The purity of CD4" T cells or CD14! "
cells was higher than 97%. b=
E +oF b+ o+ o+
PBMNC stimulation with Staphylococcus aureus % g
PBMNC were incubated in 48 well-culture plates at the con- E "
centration of 1x10° cells/ml. Heat killed Staphylococcus b £ g o+ o4
aureus (frozen at the concentration of 1 x 10° CFU/ml) was £ o2
added at the concentration of 1 x 10’ CFU/ml. After 6 h, the £
cells were harvested, washed twice with phosphate buffered g‘ é
saline, and used for total RNA extraction. e % 'g ottt o+ o+ 4+
RNA extraction, amplification and labelling g Bl ooy, é
o] f=2s 8 8 g =
Total RNA was extracted using Isogen (Nippon Gene, Tokyo, ,f:‘j 5 8 s 3 E E 8 E» =Y
Japan). For the microarray analysis of purified CD4* T cells Ei N %L
or CD14" cells, linear amplification of RNA was carried out £ A N R N e
using an Amino Allyl Message Amp aRNA Kit (Ambion, 2 - §
Austin, TX, USA). Briefly, double-stranded complementary 2 g) Z
DNA (cDNA) was synthesized from total RNA using oligo & Sl v wine s
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dT primer with a T7 RNA polymerase promoter site added
to the 3’ end. Then, in vitro transcription was performed in
the presence of amino allyl UTP to produce multiple copies
of amino allyl labelled complementary RNA (cRNA). Amino
allyl labelled cRNA was purified, and then 15 jig of cRNA
was reacted with N-hydroxy succinimide esters of Cy3
(Amersham Pharmacia Biotech, Piscataway, NJ, USA) for
¢RNA from the purified cells, and Cy5 (Amersham Pharma-
cia Biotech) for that from 5 control PBMNC, according to
the protocol of Hitachi Software Engineering (Yokohama,
Japan).

For the gene expression analysis of PBMNC before and
after the stimulation with Staphylococcus aureus, cDNA
microarray was applied. After the linear amplification using
RiboAmp RNA Amplification Kit (Arcturus Bioscience
Mountain View, CA, USA), FluoroLink Cy3-dUTP- or Flu-
oroLink Cy5-dUTP-labelled ¢DNA was synthesized using
RNA Fluorescence Labeling Core Kit (M-MLV version)
ver.2:0 (Takara Bio, Tokyo Japan), according to the manu-
facturer’s instructions.

Microarray analysis

Microarray analysis for the purified CD4" T cells and CD14"
cells was performed using an AceGene Human Oligo Chip
30K (Hitachi Software Engineering) that contains approxi-
mately 30 000 genes. Each gene expression level of CD4" T
cells and CD14" cells from the patients or controls was deter-
mined by comparison with that from the standard sample.
The arrays were scanned by FLA-8000 (Fuji Photo Film,
Tokyo, Japan), and changed to the numerical values by
ArrayVision (Amersham Biosciences). The numerical data
were normalized using LOWESS method. In the microarray
analysis of CD4™ T cells, data from 2 HIES patients and those
from 2 healthy controls were compared. In the analysis of
CD14" cells, data from 2 HIES patients were compared with
those from 2 healthy controls and one with severe atopic der-
matitis to find out genes that were expressed specifically in
HIES. Genes that were consistently up-regulated or consis-
tently down-regulated in both HIES patients compared with
all controls, and that showed over 2:0-fold differences by the
comparison between the two groups in the mean expression
levels were selected.

For the microarray analysis of PBMNC before and after
the stimulation with Staphylococcus aureus, Agilent Human 1
cDNA Microarray (Agilent Technology, Palo Alto, CA, USA)
was used, which contains 13 767 genes. The changes of the
gene expression were analysed by direct comparison of the
samples before and after the stimulation with Staphylococcus
aureus in two patients with HIES, 2 healthy controls. The
data were scanned by FLA-8000 (Puji Photo Film), and
changed to the numerical values by ArrayVision {Amersham
Biosciences). The ratios of each gene expression level before
and after the stimulation were obtained and normalized by
being divided by the median value in each plate. Genes that

were expressed consistently higher or consistently lower in
both HIES patients compared with all controls, and that
showed over 3-0-fold differences by the comparison between
the two groups in the mean expression levels were selected.

The data with low signal-to-noise ratios (§/N < 3) were
not used for further analysis. The data were analysed using
Gene Spring software (Silicon Genetics, Redwood City, CA,
USA).

Real-time PCR

An  Assay-on-Demand Gene Expression Product
Hs.00204129_m1 (Applied Biosystems) was used for prim-
ers and probes for response gene to complement 32 (RGC32).
A Pre-Developed TagMan Assay Reagent Human ACTB (j3-
actin) (Applied Biosystems) was used for the internal con-
trol. TagMan assay was performed according to the manu-
facturer’s instructions. In brief, PCR primer set and TagMan
probe for the target gene were added in the TagMan Univer-
sal PCR Master Mix (Applied Biosystems) at the final volume
of 25 L. PCR condition was as follows: 50°C for 2 min and
95°C for 10 min, followed by 50 cycles of amplification at
94°C for 15 s and 60°C for 1 min. PCR amplification and the
detection of the amounts of PCR products were performed
by ABI PRISM 7700 Sequence Detector (Applied Biosys-
tems). The gene expression levels were described by the rel-
ative ratios of the levels of target genes to those of the internal
control (P-actin gene).

Statistical analyses

Chi-square test was used to analyse the deviated distribution
of genes in each Gene Ontology into the two groups. One-
way ANOVA test was used for the comparison of gene expres-
sion levels in three groups, and comparison of the two
groups among 3 was performed with Scheffe’s test. The dif-
ferences were considered to be significant when the P-value <
0-05.

Results

To evaluate the gene expression profiles of circulating CD4”
T cells and CD14* cells (monocytes) from patients with
HIES, we extracted mRNAs from purified cells and per-
forméd microarray analysis, together with those from non-
HIES controls. Six up-regulated and 4 down-regulated genes
in HIES showed over 2-fold differences compared with con-
trols in CD4* T cells (Table 2), while 33 up-regulated and 5
down-regulated genes in HIES showed over 2-fold differ-
ences compared with controls in CD14" cells (Table 3). The
expression levels of major Th1- or Th2-related genes in CD4”
T cells and CD14* cells did not show more than 2-fold dif-
ferences between HIES palients and controls (Tables 2 and
3). In addition, there were only small differences in the
expression levels of most cytokine-related genes between

526 © 2005 British Society for Immunology, Clinical and Experimental Immunology, 140: 524-531
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Table 2. Microarray analysis of purified CD4' T cells between HIES and healthy controls.

Gene name Synonyms GeneBank *Fold difference
HIES > Control
Haemoglobin, delta HBD NM_000519 2-4 (30, 2:0)
Chromosome 6 open reading frame 111 Céorfl11 AF161424 2:3(2:5,2-1)
Haemoglobin, alpha 2 HBA2 AF281258 2:3(2:5,2:1)
No name XM_031045 2:2(2:2,2:2)
Dynein, cytoplasmic, light intermediate polypeptide 2 DNCLI2 NM_006141 2-2(2-8, 1-7)
Topoisomerase-related function protein 4-2 AF089897 2:0 (2-2,1-9)
HIES < Control
Polymerase (RNA) IT (DNA directed) polypeptide D POLR2D BCO010427 1/3:7 (1/3-8, 1/3-6)
No name AC026785:3.13728-33112-2 1/2:3 (1/2+7, 1/1-9)
Sarcoglycan, gamma (35 kDa dystrophin-associated glycoprotein) SGCG NM_000231 1/2:3 (1/2-7, 1/1-9)

No name

U82695-2.1-167460-8 1/2-0 (1/2-6, 1/1-6)

*The difference of mean gene expression levels between 2 HIES patients and 2 healthy controls in microarray analysis is given. Values in parentheses

are the fold differences of the gene expression in each HTES patient compared with the mean expression value in healthy controls, Genes that showed

more than 2 fold expressional differences between HIES and healthy controls were selected.

HIES patients and controls (data, not shown). Among genes
with over 2-fold differences in the expression between HIES
patients and controls, there was no gene with a functional
relevance to the abnormalities of bone anid neutrophils, and
increased serum levels of IgE, which might directly relate to
the pathogenesis of HIES. !

The expression levels of most up-regulated or down-reg-
ulated genes in CD14" cells that showed over 2-fold differ-
ences between HIES patients and controls were confirmed by
real-time quantitative PCR. The expression levels of RGC32,
with the highest expression among 33 up-regulated genes in
HIES in CD14" cells by microarray analysis (Table 3), were
significantly increased in PBMNC of HIES patients, com-
pared with those in patients with atopic dermatitis or con-
trols (Fig. 1). We were not able to analyse the expression
levels of DNCLI (dynein, cytoplasmic, light polypeptide 1)
gene, with the lowest expression among 5 down-regulated
genes in HIES in CDI14" cells by microarray analysis
(Table 3), because the primers and probe were unable to be
set to obtain precise and reproducible results due to the pres-
ence of many cDNA-type pseudogenes.

We compared the genes expressed in CD4* T cells or
CD14" cells between HIES patients and controls, according
to Gene Ontology Classifications from Gene Ontology Con-
sortium to assess the differences in functionally related gene
groups. At first, the genes that showed consistent expres-
sional differences between HIES patients and controls in the
two individual experiments were selected (HIES > normal:
1507 genes, HIES < control: 1116 genes). Among them, sta-
tistical analysis was performed in each gene group by the y*
test (Table 4). In unstimulated CD4* T cells, there were no
gene groups which showed significant expressional differ-
ences between HIES patients and controls (data not shown).
In unstimulated CD 14" cells, a significantly larger number of
lysosome-related genes was up-regulated (26 (1-73%) of
1507 total up-regulated genes, P < 0-05), and a significantly

larger number of genes related to the cell growth and main-
tenance was down-regulated (246 (22-0%) of 1116 total
down-regulated genes, P < 0-05) in HIES (Table 4).
Recurrent staphylococcal infection is one of the character-
istics of patients with HIES. We stimulated PBMNC with
heat-killed Staphylococcus aureus, and analysed the alteration
of mRNA expression levels in HIES patients and healthy con-
trols. Table 5 shows the genes with over 3-0-fold differences
in the expression between HIES patients and controls before
and after Staphylococcus aureus stimulation. Among

ok

[SCTR 7> R N I
T

RGC32/B-actin

i F
T = =

HIES Cont AD

n=8 n=15 n=17

Fig. 1. Comparison of RGC32 expression in patients with HIES, severe
atopic dermatitis, and healthy controls. RGC32 expression in PBMNC
was analysed by real-time PCR. HIES: patients with HIES, Cont: healthy
controls, AD: patients with severe atopic dermatitis, NS: not significant.
Whiskers indicale the ranges, boxes the 25th (o 75th percentiles and
horizontal bars inside boxes the median values. Three groups were
compared using One-way aNova test and each two groups were com-
pared using Scheffe’s test. **P < 0-01.
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Table 3. Microarray analysis of purified CD14' cells between HIES and healthy controls.

Gene name Synonyms GeneBank *Fold difference

HIES > Control
Response gene to complement 32 RGC32 NM_014059 3-8(42,35)
Homeo box Al HOXA1 NM_005522 3-8 (39,37)
Cathepsin L CTSL NM_001912 32 (2+1,4-8)
C-type lectin, superfamily member 2 (activation-induced) CLECSF2 NM_005127 3-1(1-8,53)
Epstein-Barr virus induced gene 2 EBI2 NM_004951 2-9 (2:8,2-9)
Fatty acid binding protein 5 (psoriasis-associated) FABP5 NM_001444 2-8 (16, 5-0)
Myristoylated alanine-rich protein kinase C substrate MARCKS XM_047795 2:6 (22, 3-2)
Interleukin 1 receptor, type II IL1R2 NM_004633 26 (3-4, 1:9)
Adaptor-related protein complex 3, sigrna 1 subunit AP3S XM_003926 2-4 (2-6,2-3)
CD3D antigen, delta polypeptide (TiT3 complex) CD3D M12727 2-4 (16, 3-7)
Carboxypeptidase, vitellogenic-like CPVL AF106704 2:4 (3-2,1-8)
Receptor-interacting serine-threonine kinase 2 RIPK2 NM_003821 23 (3-0, 1-8)
Hypothetical protein FLJ20186 FL]20186 NM_017702 2:3 (15, 37)
Protein tyrosine phosphatase, receptor type, E PTPRE NM_006504 23 (2:5,2:1)
X Kell blood group precursor-related, Y-linked XKRY NM_004677 23 (31, 1-6)
Toll-like receptor 1 TLR1 NM_003263 2-3 (18, 2:8)
Spermidine/spermine N1-acetyltransferase SAT BC002503 22 (27, 1:9)
KIAA0431 protein KIAAQ431 NM_015251 22 (2:0,2:4)
Vimentin VIM NM_003380 2:2 (2:8,1-8)
Pleckstrin homology, Sec7 and coiled-coil domains, binding protein PSCDBP NM_004288 22 (23,2:0)
Recombining binding protein suppressor of hairless (Drosophila) RBPSUH NM_015874 2:2 (146, 2°9)
Proteasome (prosome, macropain) 268 subunit, non-ATPase, 12 PSMD12 AB003103 2:2 (2+4, 1-9)
Multiple ankyrin repeats, single KH-domain (MASK) homolog MASK NM_024668 2:2(2:5,1-9)
Ubiquitin-conjugating enzyme E2B (RAD6 homolog) UBE2B NM_003337 22 (1-6,2-8)
Syndecan 2 SDC2 AK025488 22 (1-6,2-8)
Sialyltransferase 10 (alpha-2,3-sialyltransferase VI) SIATI10 XM_044802 2-1 (1-8, 2-6)
Rearranged r-myc fusion sequence RLF NM_012421 2.1 (2:2,2:0)
RABG interacting protein 1 RAB6IP1 AK025499 2:1 (2:5,1-8)
No name XM_008071 2-1(2:0,2-2)
CDC-like kinase 1 CLK1 NM_004071 2:1 (25, 1-7)
Hypothetical protein FLJ22965 FLJ22965 NM_022101 2-1(22,1-9)
Hypothetical protein CL25022 CL25022 AF131802 2:0 (18, 2-3)
Opioid growth factor receptor-like 1 OGFRLI NM_024576 20 (2-2,1-8)

HIES < Control
Dynein, cytoplasmic, light polypeptide 1 DNCL1 NM_003746 1/2:9 (1/1-9, 1/4-4)
Calmodulin regulated spectrin-associated protein 1 CAMSAPI NM_018627 1/2-4 (1/1-7. 1/3-2)
Placenta-specific 8 PLACS NM_016619 1/2-1 (1/1-6, 1/2-8)
Vacuolar protein sorting 35 (yeast) VPS35 NM_018206 1/2-0 (1/1-6, 1/2-6)
Butyrophilin, subfamily 3, member Al BTN3AL NM_007048 1/2:0 (1/1-5, 1/2-8)

*The difference of mean gene expression levels between 2 HIES patients and 3 controls (2 healthy donors and a atopy patient) in microarray analysis

is given. Values in parentheses are the fold differences of the gene expression in each HIES patient compared with the mean expression value in controls.
Genes that showed more than 2 fold expressional differences between HIES and healthy controls were selected.

Table 4. Comparison of gene expression according to the Gene Ontology groups.

HIES > Control HIES < Control P-value*
CD14’ cells (1507 genes) (1116 genes)
Lysosome related genes (total 137 genes) 26 (1-73%) 8 (0-72%) < (-05
Genes related to the cell growth and maintenance (total 2572 genes) 254 (16:9%) 246 (22-0%) < 0-01
MNC stimulated with Staphylococcus aureus (1194 genes) (1331 genes)
Immunoglobulin-related genes (total 54 genes) 29 (2-43%) 4 (0-30%) < 0-01
*y? test.
528 © 2005 British Society for Immunology, Clinical and Experimental Immunology, 140: 524-531
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Table 5. Microarray analysis of the change of gene expression after the stimulation with Staphylococcus aureus.

Fold increase of

gene expression™

Fold difference**

Gene name Synonyms Gene bank HIES  Control HIES/Control

HIES > Control
Ubinuclein 1 UBNI AF108460 35 i/14 4-9 (5:0, 4-9)
Rho guanine nucleotide exchange factor (GEF) 1 ARHGEF1 Y09160 27 17 47 (27, 8:3)
Hydroxymethylbilane synthase HMBS X04808 34 /13 43 (1-4, 13)
Bromodomain containing 3 BRD3 D26362 25 1/1-6 4-0 (37, 4+4)
Incyte EST 29 1/1-3 39 (28, 52)
KTAA0582 protein KIAA0582 AK000856 1-3 1/3-0 3-8 (3-4,42)
A kinase (PRKA) anchor protein (yotiao) 9 AKAP9 NM_005751 21 1/1-8 3.7 (4:6,29)
Haloacid dehalogenase-like hydrolase domain HDHDI1A MB6934 26 1/1-4 37 (1:3,11)
KTAAQ555 gene product AL137976 51 1-4 3.7 (2:3, 5-8)
Ral GEF with PH domain and SH3 binding motif 2 RALGPS2 AK001106 1-6 1/2:2 36 (32, 3:9)
Tripartite motif-containing 2 TRIM2 AB011089 1-5 1/2-4 35 (2:6,47)
Serine {or cysteine) proteinase inhibitor, member 1 SERPINI| NM_005025 21 /16 3-5(7-9, 1:5)
Cysteine conjugate-beta lyase; cytoplasmic CCBL1 X82224 1-4 1/2-4 3-4 (3-3, 3-5)
Homeo box A7 HOXA7 AJ005814 32 1-0 33 (3-7,3:0)
Scaffold attachment factor B2 SAFB2 050928 33 1-0 33 (4:5,2:4)
5'-nucleotidase, ecto (CD73) NTSE X55740 14 1/2:3 33 (37,2:9)
Mad4 homolog ALO40187 14 1/2-3 3.3 (3-3,33)
Aldo-keto reductase family 1, member C1 AKRICI M8B6609 58 1-8 3.3 (2:5, 4-3)
Hypothetical protein FLJ13213 FLJ13213 AK000867 2:6 1/1-3 3-3 (45, 2+4)
Human FLI1 gene for ERGB transcription fuctor AB012624 2:0 1/1-6 3-3 (31, 3-4)
Myosin XVB, pseudogene MYOL15B AK026339 1-3 1/2:5 32(3-3,32)
Adducin 2 (beta) ADD2 581079 16 1/2-0 32 (25, 4:2)
Zinc finger protein 236 ZNF236 AF085244 17 /19 32 (41, 2:5)
Yippee-like 1 (Drosophila) YPEL1 AW006162 31 1-0 32 (2:0,51)
Incyte EST 1-1 1/3-0 32 (3:3,3:0)
NIMA (never in mitosis gene a)-related kinase 1 NEK| AL050385 33 i1 3.1 (5:0,2:0)
Protocadherin 9 PCDH9 AF169692 1.7 1/1-8 31 (4-2,2:3)
Poly (ADP-ribose) polymerase family, member 2 ADPRTL2 AK001980 21 1/1-4 30 (3-2,2-8)
Calcium/calmodulin-dependent protein kinase (CaM kinase) II delta CAMK2D AF071569 1.5 1/2:0 30 (17, 5-3)

HIES < Control
Solute carrier organic anion transporter family, member 1A2 SLCO1A2 U21943 1-8 24 1/14 (1/29, 1/6:7)
Normal mucosa of cesophagus specific [ NMES1 AK026298 4-6 37 1/8:1 (1110, 1/6:3)
Syndecan 2 SDC2 J04621 41 23 1/5-6 (1/12, 1/2:7)
Interleukin 17 IL17 U32659 1/1-3 41 1/5-5 (1/8-0,1/3-7)
TBC1 domain family, member 15 TBCIDI5 AK022147 1/2-0 2:2 1/4-5 (1/6+9, 1/2-9)
Syndecan 4 (amphiglycan, ryudocan) SDC4 D13292 1-0 4-6 1/4-4 (1/52,1/3-7)
Recombining binding protein suppressor of hairless (Drosophila) RBPSUH AW968632 1/23 17 1/4:0 (1/4-8, 1/3-3)
Humour necrosis factor, alpha-induced protein 6 TNFAIPS M31165 55 22 1/3-9 (1/3-0, 1/5-2)
Hypothetical protein FLj10199 FL]10199 Al216532 10 3-8 1/3-9 (1/6-2, 1/2-4)
Small inducible cytokine subfamily B (Cys-X-Cys), member 11 CXCL11 AF030514 1-5 56 1/3-8 (1/2:7, 1/5-4)
Cathepsin L CTSL AT041851 55 21 1/3-8 (1/7-7,1/1-9)
Enhancer of rudimentary homolog (Drosophila) ERH U66871 1/1-9 19 1/3-6 (1/3-0, 1/4-3)
Tryptophanyl-tRNA synthetase WARS X59892 /17 2:1 1/3-6 (1/3-8, 1/3-4)
Epithelial membrane protein 1 EMP1 Y07909 1-2 4-4 1/3-6 (1/5-6, 1/2-3)
NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 5, 13 kDa NDUFA5 U53468 1/3-7 /11 1/3-4 (1/4-1, 1/2:9)
Hect domain and RLD 5 HERCS AB027289 7-5 25 1/3-3 (1/1-2, 1/8:7)
Feline leukaemia virus subgroup C cellular receptor FIVCR AK001419 1/2-8 12 1/3-3 (1/5:2, 1/2:0)
FK506 binding protein 5 FKBPS U42031 1/2:3 1-3 1/3-1 (1/4-5, 1/2-2)
Deleted in lymphocytic leukaemia, 2 DLEU2 AW978447 1/2-8 1-1 1/3-1 (1/2-1, 1/4-6)
Cathepsin L2 CTSL2 AB001928 42 13 1/3-0 (1/57, 1/1-6)
Methionine adenosyltransferase II, alpha MAT2A F07456 1/2-4 13 1/3:0 (1/1:8, 1/5:1)
v-maf musculoaponeurotic fibrosarcoma oncogene homolog (avian) MAF AF055376 1-0 29 1/3:0 (1/3-7, 1/2:5)

*Fold increase of the gene expression after stimulation with Staphylococcus aureus. **Fold difference of the change of the gene expression levels
after stimulation with Saphylococcus aureus between two HIS patients and two healthy controls. Values in parentheses are the fold differences of the
gene expression in each HIS patient compared with the mean expression value in healthy controls. Genes that showed more than 3 fold expressional

differences between HIES and healthy controls were selected.
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cytokine-related genes, the relative expression levels of IL-17
and small inducible cytokine subfamily B (Cys-X-Cys), mem-
ber 11 (CXCL11) genes after stimulation were decreased to 1/
5.5 and 1/3-8, respectively, in HIES (Table 5). Analysis of the
differences in functionally related gene groups in stimulated
PBMNC from HIES patients and controls according to
Gene Ontology Classifications revealed that a significantly
larger number of immunoglobulin-related genes were up-
regulated in HIES (29 of 1194 total up-regulated genes:
2:43%, P < 0-05 * test, Table 4).

These results showed unique patterns of the gene expres-
sion in unstimulated and stimulated conditions in periph-
eral blood cells from HIES patients.

Discussion

HIES is a multisystem disorder with the manifestations of
recurrent infections especially with Staphylococcus aureus,
characteristic facies, hyperextensibility of joints, multiple
bone fractures, scoliosis, and delayed shedding of the pri-
mary teeth [4]. Therefore, it is likely that HIES is caused by
a molecule which affects various biological functions rather
than only by a Th1/Th2-related molecule. Chehimi et al. [8]
analysed 375 cytokine and chemokine gene expression by
microarray, and found that the expression of some chemok-
ine genes was decreased in PBMNC of HIES after the stim-
ulation with PHA, which may account for the decreased
responsiveness against microorganisms. Because of the com-
plex multisystem nature of this disease, we thought more
comprehensive analysis of gene expression profiles in puri-
fied populations without and with the stimulation of Staphy-
lococcus aureus would be necessary.

It is worthy of note that there were no remarkable differ-
ences in the whole gene expression levels of CD4" T cells con-
taining Th1/Th2 cells between HIES patients and controls in
an unstimulated condition. On the other hand, in unstimu-
lated CD14" cells, 33 genes were up-regulated in HIES and
unique gene expression patterns were observed in HIES
(Tables 3 and 4). By quantitative PCR, the expression levels
of RGC32 that was the most up-regulated gene in microarray
analysis, were significantly elevated in HIES compared with
healthy controls and atopic dermatitis (Fig. 1). Although
RGC32 appears to be a cell cycle regulatory factor that medi-
ates cell proliferation [13], it was not clear why the expres-
sion of RGC32 was most up-regulated in CD14" cells in HIES
and how it was related to the pathogenesis or pathophysiol-
ogy of HIES, Nevertheless, the analysis of expression levels of
RGC32 would be helpful in the diagnosis of HIES. The
down-regulation of a significantly large number of genes
related to the cell growth and maintenance (Table 4) might
contribute to the pathophysiology of HIES such as a
decreased responsiveness against microorganisms.

After the stimulation with Staphylococcus aureus,
decreased expression levels of IL-17 and CXCL11 genes were
observed in PBMNC from patients with HIES (Table 5). IL-

17, produced by T cells, is a proinflammatory cytokine that
induces production of IL-1p and TNF-a by macrophages
[14], and IL-6, IL-8 and GM-CSF by stromal cells [15]. It
induces migration and functional maturation of neutrophils
[16-18] and proinflammatory cytokine production by kera-
tinocytes [19]. In addition, it is involved in the osteoclasto-
genesis [20]. CXCL11 gene is located on chromosome 4q21,
where HIES is linked. The chemokine, CXCL11 is produced
by monocytes and keratinocytes after the stimulation with
IFN-, and is also involved in the inflammatory response by
inducing a chemotaxis of monocytes and activated T cells
[21). Osteoblasts express CXC chemokine receptor 3, the
receptor of CXCL11 [22]. It is possible that a decreased
expression of IL-17 and CXCLI11 genes, of which translated
products have pleiotropic biological activities, may play a
role in the pathogenesis or pathophysiology of HIES.

One of the remarkable findings was up-regulation of
immunoglobulin-related genes after the stimulation with
Staphylococcus aureus (Table4). It is reported that an
increase of IgE levels was observed even in the cord blood of
HIES {23], suggesting the primary dysregulation of IgE pro-
duction. Our result suggested that the dysregulation was
more generalized in immunoglobulin-related genes, and
more prominent with the staphylococcal stimulation.

The number of patients used for the microarray analysis
was low in this study, and it is possible that other genes or
gene groups have more important meanings than those we
picked up in the pathophysiology of HIES. Further genetic
analysis based on the unique gene expression profile would
clarify the pathophysiology and causative genetic abnormal-
ity of HIES, and help to develop a new diagnostic method in
the near future.
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i U &I

¥4+ %3 (TCDD; 2, 3, 7, 8-tetrachloro-
dibenzo-p-dioxin) i3 12 T ABEH 7 & ORI EFE
RrUR T NGB EODREOREBRE TR
L, H8, KE RRFRLVEREITIE
PHOLNTVE, F4FF T ERVELIN
YIRS TFFXF L DRFRE LTHRwWLR, F
TeRVIBL IR VT 5 v FER 275 5 PCB
FIEOTTA XL Vv EEBHRERE, ¥4
xR ER LT, A%
ElZE BRI S I, ERICH L TER
FM, BN, EEEREY, RBEERETRY
DEEZH LTI ErOHEHICKE ZEL
FHRATVES, F¥A4FX L VEHORERNDE
BOUVEDELTTLIF—REOHE~NS
THUEELIRBIN TV A, W RS
HEATOZN,

HAA4F %2 OEKE

A F X VEOES~NOBEEDFIRITANR (aryl
hydrocarbon receptor) # ML CHEZ 5, ¥ 14 F
YIS A S L REETHHADREFEE L,
EH L E N7 ADRIEEABATT 5. BN TAWRIE
ARNT (aryl hydrocarbon receptor nuclear
translocator) &\ 3 BIDIEERF L AFO ¥ £ v —
2B L, CYPIAL:®i3 Lo L 2 EHEEFD
70— ¥ - BICHELET 5 XRE (xenobiotic re-

sponsive element) BE7 1244 L CRIEFREZIE
LT 52U, 29 LCHFE s B ams
PWRBHORB LA LI b o T 5,
AhREEFRIEY T A TICYPL7 7 3 ) —DFH
BIRIST, TS/ 42V VBRBICLBHR
RREH T EOEBFA LN TN ST 4
FF VL B EEFEEOREICIARRIWIAT
HbHZENRbhPoTNED,

B #ARIC & B IL-4/IL-1 355 EE=FD
BE
Th24 4 b A A4 > OHCIL-4/1L-131% B #ifgi
B AREEALRETLILRETLVF—EKRE
DRIEERELRRE LR T EHNLATY
5. ZILA/IL 133 RIERMAZ T T {RE
bRz AR R0 L A B ARG 7 SIE SRR R MR L
LTHERLEYEEE b2 L/mbTY
5. biubIL4/IL-13DOHHAO EiGE T O
REITH120, w4787 VA EHWTE bS—
F oy M) roNBERF B Mk TH 5 DND39IC
BT AILA/IL-3HERETFORERIT 72, %
DIERBON-FEBETFORIC, T TIILA4/
[L-13FEEEFE L THLNT YW ACD23,
germline 72 KLAHCADRDPSE TN T WY, ¥
AAFVBRIZE o Ty ADMIREEIE
BT e EDHANRERALS TR ICRIZT
BEIZOVWTIEVWL O0ORFEFRENRTV S
A%, BRI BT ZAWRDFRENCRE$ A A X

* Effect of IL-4/11-13 on the susceptibility to dioxin.
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