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Use of gnotobiotic mice to identify and characterize key microbes

responsible for the development of the intestinal immune system

By Yoshinori UMESAKI*H

(Communicated by Tasuku HONJO, M.J.A.)

Abstract:

Symbiosis between intestinal microbiota and the host animal plays an important

role in the homeostasis of host physiology. Since the first production of germ-free rodents in 1945, it
has become increasingly clear that the intestinal immune system and the biochemical characteristics
of epithelial cells differ greatly between conventional and germ-free rodents. However, questions
remain about the types of microbes involved and the precise mechanism by which these microbes
affect the host physiology. Here, we review experiments designed to answer these questions with the
use of gnotobiotic mice. We have determined suitable biochemical and immunological markers for
monitoring microbial effects in these mice. Using these markers, we have found clear differences in
epithelial cell glycolipid biosynthesis and intraepithelial lymphocyte dynamics between germ-free
and conventional mice. Furthermore, we have identified a key microbe that activates the mucosal
immune system in the small intestine. This indigenous bacteria, called segmented filamentous
bacteria, is a key symbiont in the host-microbiota interplay, including Th17 cell-inducing activity.
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1. Introduction

The human gastrointestinal tract harbors more
than five hundred phylotypes of microbes based on
16S rRNA gene sequences, and approximately a
hundred trillion individual microbes, which is more
than the number of host cells.”?) The contribution of
this great number of gut microbes to the metabolism
and physiology of the whole body cannot be ignored.
Furthermore, the external organs of the body are also
in close association with indigenous microbes.?) The
development of methods for the cultivation of strict
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segmented filamentous bacteria, intraepithelial lymphocyte, IgA, Thl7 cell,

anaerobes in bacterial ecosystems, and the classifica-
tion of these microbes, as pioneered by Mitsuoka
et al.,* have paved the way for the study of intestinal
microbiota. Further advances in cultivation-inde-
pendent methods for microbial analysis, including
the targeting of not-yet-cultivable bacteria, have
been made possible with the introduction of molecu-
lar methods based on 16S TRNA gene sequence.”-5)
Moreover, it is now possible to conduct a compre-
hensive analysis of the microbiota by directly reading
the DNA sequence of the microbes with the use of
next-generation DNA sequencing. As a result, a
limited number of enterotypes are postulated to be
present in each individual irrespective of geographic
location or sex.”)

Intestinal microbes profoundly affect the host
physiology, and reciprocally, intestinal physiological
conditions affect the composition and metabolism
of the microbes, with two-way communication. It is
assumed that the composition of the intestinal
microbiota of healthy individuals is balanced with
the host physiology, shaping symbiosis between host
and microbes. In diseased conditions or under anti-
biotic usage, a different profile of microbiota to that
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found in healthy conditions is observed, which is
associated with the occurrence and progression of
diseases.®) Accordingly, if it were possible to replace
the microbiota of patients with that of a healthy
person, a recovery from the disease might be
expected. Several clinical trials of patients suffering
from Clostridium difficile infection,”>'?) inflamma-
tory bowel disease (IBD),'"'?) or type II diabetes'?
have been performed, and promising results have
been obtained. These clinical studies strongly impact
on the concept of the normal microbiota not only
clinically but also microbiologically.

In animal models, many comparative studies
have been performed between germ-free (GF) ani-
mals and specific pathogen—free (SPF) or conven-
tional (CV) animals based on the concept of normal
microbiota. GF rats and mice were first produced
in 1945 and 1954, respectively, by Reynier and his
associates of the University of Notre Dame in the
United States'® and were thereafter utilized in
biomedical studies. In Japan, GF guinea pigs were
produced by Miyakawa in 1954, and GF rats and
mice were widely utilized in the latter half of the
1960s.">) Although it was concerned whether the
intestinal microbiota is indispensable for the survival
of animals before appearance of GF animal, the
life span of a GF rat is rather longer than that of
a CV rat, partly due to the absence of infectious
incidents.!%)

The gastrointestinal tract, in particular the
epithelial cells, is the first line of defense against
the external pathogens, and is greatly influenced by
environmental factors, such as microbial products.
Intestinal microbes affect the proliferation and differ-
entiation of the cryptal epithelial cells by changing
the production of mucus'” or antimicrobial pro-
teins'® by goblet cells, the production and release
of biologically active peptides by enteroendocrine
cells,'"” or the epithelial cell kinetics.??) Intestinal
metabolism by microbes deconjugates the bile acids,
promoting their absorption by the ileum,?) or
converts the primary bile acids into secondary ones,
which are suggested to be associated with promotion
of carcinogenesis.?? Short-chain fatty acids, which
are major products of intestinal microbes, contribute
to the energy acquisition in the colon by the host?)
and are well known to affect the physiology of the
gastrointestinal tract.?¥ Liver and brain functions
are also suggested to be modified by the presence of
the intestinal microbiota.?)

Currently, colonization by more than several
tens of intestinal microbes isolated from indigenous
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microbiota is thought to be necessary to elevate the
colonization resistance and IgA response in gnoto-
biotic mice?"?") to the levels of CV ones because
normalization of the cecal size and other physiolog-
ical and histological characteristics of GF animals
by association with one or a few kinds of bacterial
species has not been successful. The kinds of microbes
responsible for the development of mucosal immune
system and how the intestinal microbes affect the
host physiology remains unclear. However, the use of
GF animals or gnotobiotes associated with particular
microbes including not-yet-cultivable bacteria is
expected to resolve these questions. Because the
epithelial layer is located close to the immune cells,
which react to challenges from the external environ-
ment, my colleagues and I have attempted to answer
these questions by examining the biochemical dif-
ferences between the intestinal epithelial cells of
GF and conventionalized (Cvd) mice associated with
fecal microbes derived from CV mice. This review will
describe differences in the intestinal glycolipids and
the intestinal immune system including IELs, IgA,
and Thl7 cells between GF and CV mice and key
intestinal microbes responsible for the development
of these immunological activities.

2. Molecular markers for monitoring the effects
of microbiota on the host

To evaluate the effects of microbiota on the
development of the intestine, we first explored the
molecular components of the epithelial cells of
the small intestine because the genealogy and cell
kinetics of these cells is well known compared with
those of the large intestine. As the first step, GF mice
and conventionalized (Cvd) mice (i.e., GF mice that
were orally inoculated with a suspension of fecal
microbiota from conventionally reared mice and then
kept in a conventional animal room) were injected
with radiolabeled precursors for the synthesis of
the glycoprotein and glycolipid components of the
epithelial cell surface. In this study, we used L-[6-*H]-
fucose, known to be incorporated into glycoconju-
gates almost without conversion into other sugar
nucleotides, and also D-[1-14C]-glucosamine and L-
[4,5-*H]-leucine to efficiently label the carbohydrate
and protein portion of the glycoproteins, respectively.
The microvillar membranes (MVMs) of the small
intestinal epithelial cells were then partially purified
according to the methods of Fujita.?®) Incorporation
of radiolabeled compounds into the protein fraction
of the MVMs was greater in Cvd mice than in GF
mice after intraperitoneal injection with L-[6-*H]-



No. 9]

z

--'-x‘lﬂ_a x|62 —
26 2 B
@ ]
3 -
0

QE ze

g Of

c,:)':gz 4'&')?
£ £
B0 2 348 123343 &

Time(h) Time(h)

H,0OH
o O,
H,0OH H
H O,
OH
CH;CO
OH
O,

CH; OH,
HO

OH

Key microbes responsible for intestinal immune system development

315

(b)

> CMH
8
© CDH
~
(o)
9 P
o -Glob
© & Forsg
S P'-ﬂ asiu!oGM1§
=1 B
N |
1 2 3 4 5
L& L&

Fig. 1. Microbiota induces fucosylation of epithelial glycosphingolipid.*”!) (a) Time-course of L-[6-*H]-fucose or D-[1-'*C]-glucosamine
incorporation into the microvillus membrane lipid fractions of small intestinal epithelial cells in GF (O) and Cvd mice (@). (b) TLC
analysis (lanes 3, 4) and autoradiography (lanes 1, 2) of the lipid fraction of both groups. St represents the glycolipid standards,
ceramide monohexoside (CMH), ceramide dihexoside (CDH), Globoside (Glob), Forssman glycolipid (Forss) and asialo GM1. The
open arrowheads and the open circles show the bands of the glycolipids. (¢) The chemical structure of the glycolipid labeled with
3H-fucose. Panels a, b are reproduced with permission from ref. 30.

fucose or D-[1-'C]-glucosamine, whereas L-[4,5-*H]-
leucine incorporation into this fraction was almost
equal in both groups.?” A similar difference between
Cvd and GF mice was found for radiolabeled
compounds incorporated into individual protein
molecules in the MVM fraction, such as sucrase-
isomaltase complex and maltase protein, which were
isolated by immunoprecipitation with a polyclonal
rabbit antibody against each molecule.?”)

In contrast to *C-glucosamine, *H-fucose was
scarcely incorporated into the lipid fraction of MVMs
isolated from GF mice and extensively incorporated
into the equivalent fraction from Cvd mice®”
(Fig. 1a). Autoradiography of the thin layer chro-
matography (TLC) plate on which the MVM lipid
fraction of Cvd mice was separated showed a
radioactive band present just beneath the band

corresponding to the main glycosphingolipid of
mouse intestinal epithelial cells, asialo ganglioside
GM1 (GA1) (Fig. 1b). These results demonstrate
that the attachment of fucose moieties to lipid
fraction of the MVMs of epithelial cells is drastically
influenced by the association with microbiota. The
chemical structure of this glycolipid was found to
be «(1-2) fucosyl GA1l glycosphingolipid (FGA1)
(Fig. 1c), of which the long chain base and fatty
acids were C-18 phytosphingosine and 2-hydroxy
fatty acids, respectively.?!) Interestingly the chemical
structure of the ceramide of this glycosphingolipid
was different from that of glycosphingolipids isolated
from other origins except kidney tissue.’? There
also exists a clear difference in the sugar portion of
sphingoglycolipid molecules between epithelial cells
and non-epithelial tissue.??)3%
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3. Activity of a(1-2) asialo GM1
fucosyltransferase as a sensitive marker
for microbiota-induced development
of the small intestine

We next investigated the age-dependency of
FGA1 synthesis during the microbial association
process by examining «(1-2) asialo GM1 fucosyl-
transferase (FT) activity®” in mice that were
conventionalized at different ages by treatment with
adult mouse feces. FT activity was determined by
measuring incorporation of GDP-*C-fucose in the
presence of intestinal GA1 glycolipid and Triton X-
100. When GF mice were conventionalized at more
than four weeks of age, FT activity was abruptly
induced within a week of the microbial association.
By TLC analysis of glycolipids, we confirmed
conversion from GA1l into FGA1, coincident with
FT activity, during the course of the conventional-
ization. In the case of GF mice that were convention-
alized a week after birth, FT was induced in an
overshoot fashion during the weaning period. In CV
mice raised under conventional microbial conditions,
FT increased only around the weaning period, and
then returned to low levels.’®) These data strongly
suggest that the key microbes for FT induction
expand in number around the weaning stage and are
absent in the intestine before weaning.

Next, we tried to develop mice with simpler
microbiota compositions than those found in CV
mice. To this end, several kinds of gnotobiotic mice
were prepared by treating GF mice with the following
isolated strains: Escherichia coli, Proteus sp., Lacto-
bacillus acidophilus, Lactobacillus fermentum, Lacto-
bacillus murini, Streptococcus faecalis, Bacteroides
sp., and Bifidobacterium sp. None of the monocol-
onized or multi-species colonized gnotobiotic mice
induced substantial levels of FT activity in the small
intestinal epithelial cells.?”

Spore-forming microbes that have a character-
istic morphology and adhere tightly to epithelial cells
have been detected historically in the small intestine
of a wide range of animals, fish, and insects.*® These
bacteria are idiomatically called “segmented filamen-
tous bacteria (SFB)”. Their successful cultivation has
not been reported to date. We found that mono-
colonization by SFB induced FT activity in the
small intestine and the development of the mucosal
immune system.?”) Subsequently, monoassociation of
Bacteroides thetaiotaomicron, a non-spore forming
microbe of human origin, with GF mice was also
reported to induce a(1-2) fucosylransferase.))
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4. FT induction and its physiology

FGAT1 expression and FT activity were inves-
tigated in post-mitotic development of the intestinal
epithelial cells. Cryostat sections were prepared from
the small intestine in the course of conventionaliza-
tion of GF mice and then stained with polyclonal
rabbit antibodies against GA1l or FGAL. FGA1 was
much more strongly expressed in epithelial cells
from the villus portion of the small intestine than in
those from the crypt portion or Peyer’s patch (PP)
covering follicle-associated epithelial cells, whereas
GA1l was strongly expressed in the epithelial cells
both from villus and crypt portions and in the follicle-
associated epithelial cells in PPsV)4?) (Fig. 2), and
FGA1 was maximally expressed several days after
conventionalization, coincident with the TLC profile
mentioned above.?” In epithelial cell preparations
isolated longitudinally along the villus-crypt axis,
as expected from immunohistochemical stainings,
the FT activity was stronger in the tip to mid villus
portion compared with the crypt portion.?¢)42)

In the two differentiation process of the small
intestine (i.e., post-partum and post-mitotic differ-
entiation along the crypt-villus axis) of CV or
Cvd mice, we observed that FT activity correlated
with the degree of differentiation of the epithelial
cells.?9*2) However, FT activity was never observed
in the small intestine in the absence of microbiota,
except under the unusual conditions described below.
Therefore, we consider that FT is another type of
differentiation marker, different from the intestinal
digestive enzyme such as sucrase-isomaltase complex
expressed in the villus differentiated epithelial cells
just in the weaning stage in both CV and GF mice.?%)

In colonic tissue, FGA1 was clearly expressed
in CV and Cvd mice, and even in GF mice, whereas
GA1 was present at much lower levels. FT activity
was present to some extent in GF mice and was
elevated by conventionalization (unpublished data).
We conclude that FT activity in the colon is
regulated in a complex manner, either dependently
or independently of the microbiota. These findings
suggest that some factors required for FT activity
are present in GF mice, even in the absence of
microbiota.

Under GF conditions, we observed FT induction
around the wounded intestinal tissue resulting from a
needle puncture, or in the small intestinal epithelial
cells of mice intraperitoneally injected with cyclo-
heximide or emetine (i.e., protein synthesis in-
hibitors).?) Furthermore, proteinaceous substances
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Fig. 2. FGA1 glycolipid expression in the villus portion of the villus-crypt axis®® but not in PP-covered epithelial cells. (a) The thin
sections of the small intestine of Cvd mice on day 0 or day 4 after microbial inoculation were immunostained with rabbit anti-GA1
and anti-FGA1 antibodies followed by FITC-conjugated secondary antibody. (b) Thin sections of the PPs of Cvd mice at day 4 were
immunostained with anti-GA1 or anti-FGA1 glycolipid antibody followed by peroxidase-labeled secondary antibody. Antibody
binding was visualized by using the chromogen AEC (3-amino-9-ethylcarbazole). Panel a is reproduced with permission from ref. 42.

extracted from the intestinal tissue were able to
induce FT activity following intravenous injection
into GF mice.*® Due to the dependency of FGA1
synthesis on MyD88%) in Cvd or C'V mice but not the
Severe Combined Immunodeficiency (SCID) muta-
tion (unpublished data), innate immunity rather
than acquired immunity is suggested to be involved
in this event. Therefore, it is possible that substances
such as cytokines derived from non-T and non-B cells
such as innate lymphoid cells (ILCs) are involved in
FT induction. Although intravenous administration
of interferon «/8 or interferon v into GF mice did

not effectively induce FT (unpublished data), many
cytokines are now considered to be candidates for the
role of «(1-2) fucosyltransferase inducer (Goto, Y.
et al., submitted for publication). Interestingly,
cycloheximide treatment and administration of the
proteinaceous substances acted synergistically to
induce FT,%) as observed in “super-induction” of a
protein or its mRNA in cultured cells, which is
previously so called because of marked enhancement
of production in the presence of cycloheximide.*¥4%)

Analysis of the glycolipids in the intestinal
epithelial cells of Fut2 gene knockout mice strongly
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indicates that either FT is the product of the Fut2
gene or its expression is under the control of this
gene, consistent with the absence of Fut2 transcript
in knockout mice.*® In humans, it was recently
suggested that a mnonsecretor genotype (i.e., a
mutation in the FUT2 gene) is closely associated
with susceptibility to IBDs such as Crohn’s disease!”)
or viral infection.*® Moreover, a non-secretor or low
secretor genotype is reported to be associated with
severe outcome in premature babies,*” while a
secretor genotype is highly associated with coloniza-
tion by Bifidobacterium.”” Intestinal bacteria that
induce FUTZ2 expression, if present in humans, have
the potential to stimulate colonization by Bifidobac-
terium and to play a protective role against viral
infection.

5. Differences in dynamics and activity
of intraepithelial lymphocytes
between GF and Cvd mice

Because of the difficulties in discovering a
specific microbe with a physiological impact on FT-
mediated activation of intestinal mucosa, another
evaluation system for the microbial effects was
required. We considered that intraepithelial lympho-
cytes (IELs) might be suitable for this purpose
because they reside within the intestinal epithelia
and function as a first line of defense against
infections. T cell receptor (TCR)afS or TCRyd T
cells bearing CD8a«a directly migrate from the
thymus into the interepithelial space as “natural
IELs” with self-reactivity, whereas TCRa8 T cells
bearing CD8af or CD4 are recruited as “induced
IELs” with cytotoxic activity after activation by
antigens in the lamina propria, PP, or mesenteric
lymph node.?" The recent observation that identical
T cell clones are located in the lamina propria and
interepithelial cell space and circulate in the thoracic
duct lymph®? supported the differentiation pathways
and functions of “induced TELS”.

We investigated the dynamics of the IEL
population during the conventionalization of GF
mice. The number of TCRa3 IELSs bearing CD8a«x or
CD8af markedly increased to reach the maximum
approximately one month after conventionalization.
In contrast, the proportion of total IELs that were
TCR~6§ IELs or TCRaf IELs bearing CD4 showed
only a small increase or a decrease over the same
time period.?® This was confirmed by our subsequent
observation that the increase in BrdU-labeled
TCRag IELs was greater than that of TCR~é IELSs
during the course of the conventionalization process
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and in CV mice.”® Furthermore, cyclophosphamide
abrogated the expansion of IELs two to three weeks
after conventionalization, suggesting the involve-
ment of a TCR-mediated pathway.”” CD8aa+ and
CD8af+ TCRapf IEL subsets increased equally in
the course of conventionalization, whereas only
CD8apB+ TCRaf T cell subset markedly increased
in the mesenteric lymph node after conventionaliza-
tion. Given that the increase in each subset of IELSs
was not abrogated by thymectomy, the microbiota
probably affects the T cell development after
selection in thymus or their migration into intra-
epithelial space. CD8aa+ TCRaf ‘natural IELs”
with self reactivity and CD8af+ TCRaf “induced
IELs” with cytotoxic activity are considered to bear
protective functions against cancerous or injured
epithelial cells and pathobiont-infected cells, respec-
tively.” Accordingly, conventionalization of GF
mice may provide hosts with the ability to protect
themselves by expansion of IELs.?)

We found that expression of MHC class II
[[-A]molecules in the epithelial cells of the small
intestine is induced a week after conventionalization,
whereas the level of the non-classical MHC class 1
molecule, TLa, does not change during this proc-
$s.99) This MHC class II induction was mediated
by TCR~$ IELs activated by microbiota.”” In
contrast, classical MHC class I molecules such as
H-2K were expressed to the same extent in both GF
and Cvd mice. Although the contribution of TCR~§
IELs and CD44+TCRaf IELs to the dynamics of
whole TELs population is small compared with that
of CD8+ TCRaf IELs in the course of convention-
alization, TCR~é IELs in particular are thought to
play an important role in epithelial MHC class II
expression.””)

We then fractionated the microbes in microbiota
by using chloroform treatment, introduced them
to GF mice, and monitored the dynamics of the
IELs and checked the epithelial cell characteristics.
Chloroform treatment of fecal suspensions is cur-
rently used to select spore-forming microbes from
the microbial population.”® Treatment of GF mice
with chloroform-treated fecal microbiota expanded
the IEL population and caused expression of MHC
class II molecules and FGA1l glycolipid in the
epithelial cells;?® furthermore the IELs acquired
cytolytic activity against P815 cells (derived from
mouse lymphoblast-like mastocytoma).

Based on these experimental results we explored
the defined microbial fraction responsible for both
the increase in TCRafB IELs and the acquisition of
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Fig. 3. Effect of species and chloroform-treatment of microbe

preparations on induction of TCRaf IEL recruitment and
cytolytic activity (n=2-4). The ratio of TCRaf IELs to
TCR~4 IELs (gray bars) and P815-cell specific lysis (%) in the
presence of anti-TCRa antibody (black bars) were determined
in GF mice two weeks after inoculation with microbe prepara-
tions derived from mouse, rat, or human, with or without
chloroform (Chl) treatment, or an admixture of colonies grown
on EG agar plate derived from mouse feces (Cultivable). GF or
CV mouse feces were used as the control. All values are
represented as percentage of each value of CV mice. ND: not
determined. The panel is reproduced with permission from
ref. 60.

redirected cytolytic activity against P815 cells. To
this end, we compared gnotobiotic mice associated
with several microbial preparations derived from
various origins with or without chloroform treat-
ment. Both the chloroform-treated and native forms
of mouse fecal microbiota induced an increase in
TCRag IELs and their cytolytic activity in mouse,
but similar preparations from rat or human had no
effect®”) (Fig. 3). Moreover, an admixture of culti-
vable intestinal bacteria obtained from rodents or
human at that time was also ineffective. Together,
these results suggest that mouse-derived microbes
that form spores are sufficient for activation of IELs
in the mouse small intestine. These results strongly
suggest stringent host specificity of the key microbes,
consist)ent with observations reported later by Chung
et al.f

6. Contribution of SFB to the development
of the mucosal immune system

As mentioned above, SFB are present in the
small intestine of a wide range of species, but their
precise functions are still unknown, largely because
they have not been cultivated to date. We decided
to establish SFB-monocolonized mice to assess the
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immunostimulatory activity of SFB. Our main
strategy for preparation of the gnotobiotic mice was
to use EDTA treatment to isolate the epithelial cells
of the small intestinal mucosa, a part of which were
tightly bound to SFB, and then to remove all other
living bacteria from these epithelial cells by repeated
washing and centrifugation steps. The resultant
epithelial cell preparation was treated with chloro-
form to exclude contamination by non-spore forming
microbes. The final materials containing SFB spores
were orally inoculated into GF BALB/c mice as
little as possible by using a stomach tube; the
minimum dose necessary to produce clearly detect-
able bacteria in the feces was used. One to two weeks
after inoculation, a large number of SFB and a
small number of Bacillus sp. colonized the GF mice.
Thereafter sequential dilution of the feces of the first
generation of gnotobiotic mice and administration
of these feces into GF mice was repeated until the
appearance of apparently SFB-monocolonized mice
free from Bacillus. To check the homogeneity of the
bacteria that colonized the intestine for each mouse,
16S rRNA gene sequences of approximately ten
clones of randomly selected recombinants were
determined by using the clone library method. The
16S rRNA gene sequence of each clone was almost
identical as far as we checked. For each mouse,
fluorescence-isothiocyanate in situ hybridization with
a probe designed based on this 16S rRNA gene
sequence showed positive staining of all the bacteria
found in a smear preparation of the fecal suspension.
At this point, we considered that the gnotobiotic mice
were SFB-monocolonized and suitable for further
analysis.?)

By conducting differential interference contrast
and scanning electron microscopy (SEM) analyses
of these SFB-monocolonized mice, we demonstrated
that SFB colonized both the small and large
intestines® and tightly adhered to the MVMs of
the epithelial cells of the small intestine®™ (Fig. 4)
and a part of the cecum, but not the colon (data not
shown). In the small intestine, SFB tightly adhered
to both the villus- and the PP follicle-associated
epithelial cells. In Cvd and CV mice, SFB colonized
the ileum at maximum density compared to other
intestinal tissues.®?)

We then performed SFB-monocolonization of
GF mice by oral inoculation of the fecal suspension of
the gnotobiotic mice established above, and meas-
ured various activities of IELs and IgA production
and evaluated the characteristics of the intestinal
epithelial cells.
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Fig. 4. Tight adhesion of SFB to the small intestinal epithelial cells in SFB-monocolonized mice. Images were obtained from differential

interference contrast microscopy (a, arrows) and SEM (b—d).

i) IELs. During the course of SFB monocolo-
nization, the percentage of IEL cells in each IEL
subpopulation was determined. Between two and
three weeks after SFB inoculation, the percentages of
TCRap IELs and TCR~é IELs drastically increased
and decreased, respectively, to reach a similar
percentage to each other®” (Fig. 5). The percentages
then remained constant until the end of the observa-
tion period (Fig. 5a). The percentage of TCRa/3 IELs
bearing CD8a heterodimer molecules in SFB-mono-
associated mice was different from that in CV39) or
Cvd mice® (Fig. 6a). This is extremely interesting
due to differences in the differentiation route and
protective functions between ‘“natural IELs” bearing
TCRaf and CD8aa and “induced IELS” bearing
TCRaf and CD8af, as described above. SFB may
affect the activation process of TCRaf CD8af+ T
cells in the lamina propria, PPs, or mesenteric lymph
node, and the subsequent recruitment process of
IELs. Monoclonal antibody analysis of the V3 usage
of TCRaf IELs and their CD8aa+ and CD8«aS+
subtypes showed almost no difference in V3 usage,

except for V(36 among SFB-monocolonized, Cvd,
and GF mice.”y During SFB-monocolonization,
only V@6+ TCRaf IELs bearing CD8af notably
increased among the Vj repertoire examined. Redir-
ected cytolytic activity of IELs of SFB-monocolonized
mice against P815 cells was observed in the presence
of anti-TCRaf but not anti-TCR~d monoclonal
antibody, suggesting selective activation of TCRag3
IELs for cytolytic activity by SFB3) (Fig. 5b).

ii) IgA and epithelial MHC class II mole-
cules. IgA content in the feces was drastically
elevated two weeks after SFB  colonization®®)
(Fig. 5¢), consistent with the increase in IgA-secret-
ing cells. IgA response to SFB-monocolonization in
another mouse strain (Swiss) was first reported by
Klaasen et al.%) Interestingly, SFB also increased
IgA-secreting cells in the colon,®¥) different from the
IEL response described below. This finding strongly
suggests that the priming for IgA synthesis occurs in
PPs in the small intestine.

Immunohistochemical analysis with an admix-
ture of antibodies against I-A% and I-E MHC class II
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Fig. 5. IEL recruitment, IgA production, and epithelial fucosylation during the course of SFB monocolonization of GF mice.?)

(a) Percentage of TCRaf and TCR~d IELs to total IELs. (b) Cytolytic activity against P815 cells in the presence of anti-TCRa3
or anti-TCR~d antibody. (c¢) IgA concentration in the cecal contents. (d) TLC profile of the change from GA1 to FGA1 glycolipid.
Panels a, b, and d are reproduced with permission from ref. 39.

alloantigens indicated that induction of MHC class 11
molecules occurred at least three weeks after SFB
monocolonization® (Fig. 6b).

iili) FGA1l glycolipid and others. FGA1
synthesis was clearly induced in the small intestinal
epithelial cells within a week after SFB mono-
colonization®”) (Fig. 5d), similar to the finding after
conventionalization. FT induction by intestinal
colonization of specific bacteria, SFB, was reported
for the first time.?” The mitotic activity of the
cryptal cells and differentiation of small intestinal
epithelial cells, which were estimated by the meta-
phase-arrest method with vincristine and the ratio
of the number of goblet cells to columnar epithelial
cells, respectively, were also decreased by SFB-
monocolonization®” or conventionalization of GF
mice.50)

Taken together, these findings indicate that
SFB-induced alterations of various characteristics

of the intestinal immune system and epithelial cell
surface are closely associated with physiological host
responses to environmental stimuli or insults and
may contribute to the maintenance of homeostasis in
the digestive tract.

7. Complementary role of SFB and clostridia
in the intestinal immune system

We next explored whether SFB also activate the
colonic immune system. The IEL population in the
large intestine, judging from the ratio of CD8+ IELSs
to CD4+ IELs, did not change following SFB-
monocolonization of GF mice.%Y Since the usual
habitat of SFB is the small intestine, not the large
intestine, we tried to establish in GF mice another
candidate bacteria, whose habitat is the large
intestine, by orally administering an admixture of
46 clostridial strains;% these strains were previously
reported to reduce cecal size to that of Cvd mice by
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Fig. 6. Differences in CD8 molecules of TCRaf IELs and MHC class II expression among GF, SFB-monocolonized, and Cvd mice.
(a) Flow cytometry of TCRaf TELs with CD8a/3 or CD8ac. (b) Immunohistochemistry of small intestinal tissue with anti-MHC I-A¢
and MHC I-E? antibodies. Both analyses are performed using the second generations of SFB-monocolonized and Cvd mice together
with age matched GF mice. Panels a, b are reproduced with permission from ref. 64.

their association with GF mice.’”) In contrast to the
result obtained with SFB-monocolonized mice, clos-
tridia-colonized mice showed an increase in the
number of IELs and IgA-producing cells in the colon,
but not the small intestine, as well as no expression of
epithelial MHC class II in the small intestine.®) IgA
production in the colon was enhanced not only by
clostridia but also by SFB, probably due to the
priming of IgA induction in PPs of the small intestine
colonized by SFB. We speculate that the effects of
both types of bacteria on the mucosal functions
including the immune system are complementary,
with SFB affecting the small intestine and clostridia
affecting the large intestine, respectively, correspond-
ing to their primary habitats. Although the ratio
of CD8af+TCRaf to CD8aa+TCRaf IELs was
higher in SFB-monocolonized mice than in Cvd mice,
addition of clostridia returned the ratio to normal
(i.e., the level in Cvd mice).%Y Thus, the mice
associated with both types of bacteria show activa-
tion of the mucosal immune system along the whole
intestine as observed in CV or Cvd mice.

These results led us to hypothesize that not all
members of the microbiota are necessary for activa-
tion of the intestinal mucosal immune system
including the epithelial functions, and that limited
kinds of bacteria such as SFB and clostridia are
sufficient to develop the immune system. The
presence of other indigenous intestinal bacteria such

as Bacteroides acidifaciens®® in addition to this

bacterial combination is speculated to alter or modify
the intestinal immune system beneficially or harm-
fully for the host. We called this minimum bacterial
combination of SFB and clostridia “basal flora” or
“minimal flora”.%") In the case of IBD models such as
SAMP1/Yit mutant mice on the AKR background
with spontaneous ileitis,®” and mice with dextran
sodium sulfate-induced colitis, neither ileitis nor
colitis developed in ex-GF mice that were not only
associated with basal flora but also mono-associated
with IBD-derived Bacteroides vulgatus.™ However,
IBD-like diseases clearly occurred following addition
of Bacteroides wulgatus to basal flora-associated
mice (unpublished data). A similar observation was
recently reported by Stephankova et al.,”") where
particular microbiota members except SFB seemed
to alter the immune system being developed by
SEB to induce or exacerbate intestinal inflammatory
responses. In this case it is very difficult to evaluate
the boundary, if present, between commensal bac-
teria and pathogenic ones.™

SEFB and clostridia not only play a complemen-
tary role in the development of the mucosal immune
system of the digestive tract, as described above, but
they also contribute to the development of Th17 cells
(T helper cells that produce interleukin 17) in the
small intestine™ ™ and Treg cells (regulatory T
cells) in the colon.”™)7®)



No. 9]

IL-17

&
>

CD4

Fig. 7.

Key microbes responsible for intestinal immune system development

(b)

323

[%] in CD4*
N W s a
e e e ?

-—h
o

©
GF
. mix
SFB
. mMix
SPF

Clost

Induction of Th17 cells by SFB colonization of IQI GF mice. (a) Flow cytometry of Th17 cells in the small intestine of SFB- or

Jackson Laboratory microbiota (Jax)-associated mice or the Jax mice which were additionally associated with SFB. (b) Proportion of
Th17 cells (%) among CD4+ cells in the small intestine of gnotobiotic mice that were associated with SFB alone or an admixture of
Bacteroides or Clostridium species. Panels a, b are reproduced with permission from ref. 73.

8. Role of SFB as a Th17 inducer

The discovery of Treg cells and Th17 cells, and
their close association with gut functions in health
and disease,”) ™ is big topic in the field of
immunology. A large populations of Treg or Thl7
cells are present in the intestinal mucosa and these
cells are suggested to be involved in the occurrence
and repression of infectious diseases or IBD.62)50)

Notably, Ivanov et al. observed a close relation-
ship between the density of Th17 cells in the lamina
propria of the small intestine and the presence of
particular bacteria. They found that a mouse strain
C57BL/6 raised at Taconic Farms, has many more
Th17 cells than the same strain raised at the Jackson
Laboratory.8!) This observation indicates that a
limited number of characteristic bacteria, such as
SFB or Lactobacillus murinus, that are present in
the mice from Taconic Farms, but not the Jackson
Laboratory, play a key role in Th17 cell development.
Addition of SFB to Jackson Laboratory mice,
which were SFB-free according to the results of a
PhyloChip®? assay, clearly evoked an induction of
Th17 cells™ (Fig. 7a). Furthermore, induction of
Th17 cells has been confirmed in SFB-monocolonized
mice but not in the mice colonized with 46 strains
of clostridia™ (Fig. 7b) that were used for the study
of IELs and IgA described above. Interestingly,

transcripts of all isoforms of the serum amyloid A
(SAA), Saal, Saa2, and Saa3, were enormously
upregulated in the epithelial cells of SFB-monocolon-
ized mice and in Jackson Laboratory mice cohoused
with Taconic Farms mice, according to the results of
microarray analysis.” Addition of SAA to in vitro
cultivation of the naive T cells with lamina propria
dendritic cells (DCs) in the presence of anti-CD3
produced Th17 cell cytokines such as IL-17A, IL-17F,
and RORAt. This result suggests a possibility that
naive CD4+ T cell differentiates to Th17 cell via
IL-23 produced by SAA-stimulated DCs.” More
recently, analysis of Th17 cell differentiation mechan-
ism by SFB remarkably advanced. Most Th17 cells in
lamina propria of SFB-monocolonized mice recognize
particular SFB peptides® and also this SFB antigen
is presented by DCs through their MHC class II
expression.®?

Physiologically, Citrobacter rodentium infection
was repressed to keep the normal cryptal depth in
SEB-colonized Jackson Laboratory mice compared
with SFB-free Jackson Laboratory mice.”™ Before the
appearance of the Th17 cell concept, SFB coloniza-
tion was reported to be negatively correlated with
pathogenic E. coli 0103 colonization in rabbits®®)
suggesting that it inhibits infection. More interest-
ingly, the SFB population expands abnormally in
the small intestine of mice with disruption of the
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activation-induced cytidine deaminase (AID) gene,)
which also greatly contributes to IgA production in
the intestine.”) Thus IgA secretion is thought to play
an important role in leaving intestinal microbes in
their appropriate niches.

Involvement of the microbiota in autoimmunity
became of great concern after this discovery of
Th17 cell-inducing commensal microbe. Induction
of disease by SFB-monocolonization of GF mice was
attempted in several mouse models of autoimmune
disease as described below. When arthritis model GF
K/BxN mice, which express a TCR transgene that
recognizes a self-peptide derived from glucose-6-
phosphate isomerase, were inoculated with SFB, the
disease score greatly increased, coincident with the
appearance of Th17 cells in the lamina propria in the
small intestine.®® In a mouse model of experimental
autoimmune encephalomyelitis, GF mice (C57/BL6)
were inoculated with an SFB isolated by us®)
together with myelin oligodendrocyte glycoprotein
(MOG) peptide and purtussis toxin. Disease develop-
ment was observed, although it was weaker than that
in SPF mice.®”) In this case the Th17 cells expanded
in the spinal cord rather than in the intestinal lamina
propria. Furthermore, SFB affected the disease
development in the type 1 diabetic model mouse
following SFB-inoculation® or following natural
transmission of SFB.”Y Among these autoimmune
models, the characteristics of the Thl7 cells, such
as their anatomical site and ~-interferon production
ability seem to be different. The interrelationship
between autoimmune diseases and SFB is currently
being clarified.

9. Host-specificity of SFB in epithelial binding
and mucosal immune stimulation

As mentioned above, SFB are present in a wide
range of animals.*® Because of their uncultivability,
the only reported host-specific differences between
SFBs relate to their colonization ability?® and 16S
rRNA gene sequences.?®?) We have isolated SFB
not only from BALB/c mouse (mSFB)*” but also
from F344 rat (rSFB).”Y Our observations in mSFB
or rSFB and mouse- or rat-microbiota colonized
mice, and the findings of Chung et al.,%") suggest that
a strong relationship exists between the adhesion
ability of SFB and their effects on the host mucosal
immune system.

When mSFB and rSFB were inoculated into GF
mice, both SFBs colonized almost equally both the
small and large intestines. However, tight adhesion of
rSFB to the mouse small intestinal epithelial cells was

[Vol. 90,

not detected by SEM and real-time PCR. Further-
more in ex-GF mice that were monocolonized with
rSFB, IELs were not expanded, IgA scarcely increas-
ed at all, MHC class II molecules were not expressed,
and Thl7 cell induction in the lamina propria was
not observed. As described above, the opposite was
the case for mSFB-monocolonized mice. Th17 cell
induction in the lamina propria was observed in
mSFB-monocolonized but not rSEFB-monocolonized
mice. Concomitantly, when mSFB or rSFB were
inoculated into GF rats (F344), only rSFB adhered
tightly to the rat small intestinal epithelial cells,
coincident with Th17 induction, IEL response, and
IgA secretion (in preparation for submission). These
findings indicate that SFB exhibit clear host-specific-
ity between mice and rats, particularly in the small
intestine. We therefore consider it likely that SFB
affect the host mucosal immune system in a host-
specific manner in a wide range of the animals, and
that the host-specific effect of SFB contributes to the
host-specific effect of the whole microbiota on the
host mucosal immune system, such as the changes
in Treg cells, Th17 cells, and IgA-producing cells
observed in Cvd mice by Chung et al.5) In compar-
ison with Cvd mice, the degree of the activation
among various parts of the immune system in SFB-
monocolonized mice is variable; for example, the
number of Th17 cells is almost equal between Cvd
and SFB-monocolonized mice, whereas that of IELs
is much greater in Cvd mice than in SFB-mono-
colonized mice. In contrast, I[gA content is somewhat
higher in SFB-monocolonized mice than in Cvd mice,
probably due to degradation by microbial IgA-
protease present in Cvd mice” but not SFB-
monocolonized mice.

Importantly, host-specificity of SFB for activa-
tion of the mucosal immune system is likely to be
dependent on the tight adhesion to the small
intestinal epithelial cells, where polymerization of
actin filaments occurs,® as observed in signal trans-
duction by epithelial adhesion of enteropathogenic
E. coli?) Clarification of the precise mechanisms
of tight adhesion is required to elucidate how SFB
activates the mucosal immune system.

10. Genomic view of differences
between mSFB and rSFB

As described above, mSFB and rSFB have
stringent host-specificity regarding adhesion to epi-
thelial cells and immune stimulation. We consider
that whole genome analysis might suggest a mechan-
ism for these host-specific effects. The genome sizes
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Table 1. General features of the whole genome and possible functional gene candidates of mSFB and rSFB*
Genome size  G+C content Number of Flagellin
(bp) (%) CDSs rRNA operons  tRNA genes CRISPRS Prophages genes
mSFB 1,586,397 28 1420 5 38 3 2 FliC1 to FliC3
rSFB 1,515,556 28 1346 5 39 1 0 FliC1 to FliC4

*Modified from ref. 63.

of mSFB and rSFB are 1.59Mb and 1.52Mb,
respectively®) (Table 1), which is approximately half
that of clostridial genomes, and nucleotide identity
between the mSFB and rSFB genomes is 86%. The
larger size of the mSFB genome compared with the
rSFB genome corresponds to the integration of two
prophages specifically into the mSFB genome. The
genome sizes of both SFBs are intermediate between
those of free-living bacteria and host-dependent
symbionts, suggesting that SFB may have both
characters.” Both SFB genomes encode flagellin
proteins, although there is no reported SEM image
of the flagellar filaments. Although the amino acid
sequence of the flagellin protein FIliC, which is
assumed to be responsible for its binding to mouse
TLR5,°19) is almost identical between the two
SFBs, rSFB was not effective for immunostimulation
of mice. Furthermore, although ADP-ribosyltransfer-
ase, which may be involved in modulation of host
responses, is encoded by the prophages that are
integrated in the mSFB genome only, as suggested by
Pamp et al.,'") rSFB was effective for immunosti-
mulation in rats. Therefore, no promising functional
gene candidate for the regulation of SFB-induced
immunostimulation has yet been found, and further
investigation is required. The genomic sequence of
mSFB preparation isolated and determined by
another group'®? and that of our mSFB preparation
determined by another group'® are almost identical
to the sequence published by ours.%®) Moreover, the
DNA sequences of individual SFB microbes isolated
from our SFB preparation by using a single-cell
manipulator technique'®’ suggest that the mSFB
preparation originally isolated from mice in our
laboratory®” may be a mixture of SFB with slightly
heterogeneous genome sequences.

11. Concluding remarks

While exploring the impacts of microbiota on
the intestinal immune system, including epithelial
cell surface changes, we discovered that enhancement
of IEL recruitment and Th17 cell induction in lamina
propria, and cell surface glycolipid fucosylation in the

small intestine were mediated by a type of not-yet-
cultivable intestinal bacteria, that is, SFB. Although
the physiological roles of IELs and FGA1 glycolipid
are still obscure, we consider that the mechanisms
underlying these events, including Th17 induction,
are likely to contain common elements because these
events seem to be induced by tight adhesion of SFB
to the inestinal epithelial cells.

Based on our analysis of TCR and CDS8
molecules, the effect of SFB on IELs seems to differ
from that of the whole intestinal microbiota in that
it is limited to recruitment of a part of the IEL
population that responds to the peripheral antigens,
probably SFB cell components. The effects of SFB on
immunological events are host-specific in that rSFB
could not induce the events in mouse, and vice versa.
Although the whole genome sequences of both rSFB
and mSFB have been determined, the candidate
genes responsible for the host-specificity have not
been deduced as yet. However, it is clear that the
rSFB and mSFB tightly adhere to both villus and
PP-covered epithelial cells in the small intestine in
a host-specific fashion (preparation for submission),
suggesting that this is a starting point for the
mechanism underlying the immunological events.
Taken together, our results suggest that the tight
adhesion of SFB to epithelial cells induces Th17 cells
and simultaneously activates CD8af+ TCRaf T
cells in the lamina propria following recruitment in
the interepithelial space. We consider it likely that
increased IgA secretion is due to the enhancement of
priming by SFB-adhesion in PP-covered epithelial
cells.

On the other hand, our observations of FT
induction in SCID mice, but not MyD88 knockout
mice, the involvement of a proteinaceous substance
present in the small intestinal homogenate, and the
selective expression of FGA1 in villus epithelial cells
suggest that proteinaceous substances produced by
non-T and non-B cells may mediate FT induction in
villus epithelial cells. Our proposed activation scheme
for the intestinal immune system, including cell
surface glycosylation by SFB, is described in Fig. 8.
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Fig. 8. Schematic illustration of activation of the intestinal immune system including fucosylation of epithelial glycolipid by SFB. Details

and non-standard abbreviations are shown in the main text.

Finally, the issue of presence or absence of SFB
or SFB equivalent microbes in human attracts much
attention. The SFB population expands in the
weaning stage, at least, in mice.'® Although we
tried in vain to find SFB 16S rRNA gene sequence in
the intestinal contents of humanized ex-germ free
mice associated with microbiota of human baby feces
(data not shown), there are some reports suggesting
the presence of SFB in humans, according to light
micrography and partial 16S rRNA gene se-
quences.?)109):106) Moreover, due to the presence of
SFB or the morphologically similar microbes in a
wide range of mammals such as rhesus monkey,??)
crab-eating monkey,?%Y pig,107:108) o 38)109).110)
cat,®® cow,!™) calf,''?) horse,''®) and rabbit,*® there
is no reason to exclude human from this group at
present. Although the functions of SFB are unknown
at all except rodents, SFB or SFB equivalent
microbes may start to colonize or transiently colonize
the human small intestine around the weaning period

according to the observations in the animals men-
tioned above. The discovery of SFB in humans and
clarification of its role in human-microbiota interplay
are waiting to be done in the near future.
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