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A genome-wide association study identifies three
new susceptibility loci for ulcerative colitis in the

Japanese population

Kouichi Asano!~%, Tomonaga Matsushital»2, Junji Umenol+, Naoya Hosono!, Atsushi Takahashi?,
Takahisa Kawaguchis, Takayuki Matsumoto?, Toshiyuki Matsui®, Yoichi Kakuta’, Yoshitaka Kinouchi’,
Tooru Shimosegawa’, Masayo Hosokawa®, Yoshiaki Arimura®, Yasuhisa Shinomura®, Yutaka Kiyohara®,
Tatsuhiko Tsunoda’, Naoyuki Kamatani‘, Mitsuo Iida?, Yusuke Nakamura® & Michiaki Kubo!~

Ulcerative colitis is one of the principal forms of inflammatory
bowel disease with complex manifestations. Although previous
studies have indicated that there is a genetic contribution to
the pathogenesis of ulcerative colitis, the genes influencing
susceptibility to the disease have not been fully determined,
To identify genetic factors conferring risk of ulcerative colitis,
here we conducted a two-stage genome-wide association
study and subsequent replication study using 1,384 Japanese
individuals with ulcerative colitis and 3,057 control subjects,
In addition to the expected strong association with the major
histocompatibility complex (MHC) region, we identified

three new susceptibility loci: the immunoglobulin receptor
gene FCGR2A (rs1801274, P=1.56 x 107'?), a locus on
chromosome 13q12 (rs17085007, P = 6.64 x 10-%) and the
glycoprotein gene SLC26A3 (152108225, P=9.50 x 107%),
rs1801274 is a nonsynonymous SNP of FCGR2A that is
reported to have a critical effect on receptor binding affinity
for IgG and to be associated with other autoimmune diseases.
Our findings provide insight into the molecular pathogenesis
of ulcerative colitis.

Ulcerative colitis is a major phenotype of inflammatory bowel
disease (IBD) that is characterized by repeated chronic inflammation
of the gastrointestinal tract!, Although the incidence and prevalence
of ulcerative colitis have reached a plateau in northern Europe and
North America, they continue to rise in southern Europe and Asia®.

Twin studies have indicated that genetic factors are involved in the
development of ulcerative colitis®. Although genome-wide association
studies (GWAS) have identified many genes linked to susceptibil-
ity for Crohn’s disease™8, there have been few GWAS of ulcerative
colitis®19, In studies examining whether loci linked to Crohn’s disease

susceptibility are also associated with ulcerative colitis, only a few loci
have been shown to be associated with both diseases®! 12, In addition,
there are population differences in Crohn’s disease susceptibility loci.
For example, CARDI5 (also called NOD2), IL23R and ATGI6LI are
consistently implicated in European and North American popula-
tions, but have shown no association in Japanese populations!'®!.
Although an aberrant response of the intestinal immune system is
important in the pathogenesis of 1BD, typical features of Crohn’s
disease and ulcerative colitis differ with respect to disease localization
and endoscqpic and histological findings'. These results suggest that
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Figure 1 Results for association of the extended MHC region (Chr. 6,
24-38 Mb) with ulcerative colitis. Values of ~log,o(P) are plotted against
chromosome position, which is based on NCBI Build 36 coordinates.
Blue diamonds represent Cochran-Armitage Pvalues in the first set; red
diamonds represent Cochran-Armitage P values in the combined analysis
of the first and second sets. All Pvalues were corrected by the method of
genomic control.
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Table 1 Summary of the GWAS and replication study results

No. of samples MAF
Minor Gene(s) or

SNP allele  Chr. location locus Study Case Ctrl Case Ctrl Pvalue OR 95% Cl
1s9263739 T 6: HLA First set 373 934  0.295 0.143 3.07x10°18 251 (2.05-3.08)
31,219,335 Second set 376 1,097 0.310 0.153 2.83x101° 251 (2.07-3.05)
Combined GWAS 749 2,031 6.95%x103% 2,51 (2.17-2.90)
Replication set 1 259 650  0.284 0.114 158x10°18 3.8 (2.42-4.18)
Replication set 2 376 376  0.273 0.104 7.25x10°17 323 (2.43-4.29)
Combined rep 635 1,026 9.17x 103  3.15 (2.61-3.79)
Combined all 1,384 3,057 4.15x 10°%7 2,73 (2.43-3.07)
1s1801274 G 1: FCGR2A First set 373 934  0.157 0.214 1.55x 1073 0.68 (0.564-0.85)
159,746,369 Second set 376 1,091 0.144 0.216 6.86 x 1073 0.61 (0.49-0.77)
Combined GWAS 749 2,025 4.62 x 1077 0.65 (0.54-0.77)
Replication set 1 259 649  0.162 0.206 3.39x 1072 0.75 (0.57-0.98)
Replication set 2 372 374 0.134 0.231 1.05x10°% 0.52 (0.39-0.68)
Combined rep 631 1,023 6.87 x 1077 0.62 (0.51-0.75)
Combined all 1,380 3,048 1.56x 10712 0.63 (0.55-0.72)
rs17085007 C 13: No gene First set 373 933  0.284 0.208 8.15x107® 1.651 (1.24-1.84)
26,429,267 Second set 375 1,095  0.269 0.226 2.86x 1072 1.26 (1.04-1.51)
Combined GWAS 748 2,028 1.46 x 1075 1.38 (1.19-1.60)
Replication set 1 258 649  0.285 0.226 7.21x1073 1.38 (1.09-1.75)
Replication set 2 375 375 0.275 0.231 598 x 102 1.26 (1.00-1.60)
Combined rep 633 1,024 1.16 x 1073 1.32 (1.11-1.56)
Combined alt 1,381 3,052 6.64 x 10-8 1.35 (1.21-1.51)
12108225 A 7: SLC26A3 First set 373 933  0.288 0.363 6.09x 104 0.71 (0.59-0.86)
107,240,339 Second set 376 1,096  0.306 0.354 2.42x1072 0.80 (0.67-0.96)
Combined GWAS 749 2,029 6.16 x 1073 0.76 (0.65-0.87)
Replication set 1 259 650  0.301 0.358 2.34x 1072 0.78 (0.63-0.97)
Replication set 2 375 375  0.300 0.365 6.73x 1073 0.74 (0.60-0.92)
Combined rep 634 1,025 4,24 x 1074 0.76 (0.65-0.89)
Combined all 1,383 3,054 9.50 x 108 0.76 (0.68-0.84)
rs10975003 C 9: JAK2, INSL6, INSL4  First set 373 934  0.217 0.175 1.84x1072 1.31 (1.06-1.61)
5,203,687 Second set 376 1,094 0.254 0.192 8.24 x 107 1.43 (1.17-1.73)
Combined GWAS 749 2,028 5.05 x 1078 1.38 (1.17-1.61)
Replication set 1 259 647  0.230 0.182 2.42x107? 1.32 (1.04-1.69)
Replication set 2 373 376  0.227 0.191 9.70x 1072 1.24 (0.96-1.59)
Combined rep 632 1,023 5.68 x 1072 1.29 (1.07-1.54)
Combined all 1,381 3,051 1.09 x 107 1.34 (1.18-1.51)

some genetic factors may be common between ulcerative colitis and
Crohn’s disease, whereas others are specific to either ulcerative colitis
or Crohn’s disease. In addition, ulcerative colitis susceptibility loci
may also differ between European and Japanese people.

To identify genetic factors influencing ulcerative colitis susceptibil-
ity in the Japanese population, we performed a two-stage GWAS of
752 individuals with ulcerative colitis and 2,062 control subjects. In
the first stage, 561,466 SNPs were genotyped for 376 individuals with
ulcerative colitis (cases), and their allele frequencies were compared
with those of 934 unaffected controls. Of these SNPs, we selected
the top 12,000 SNPs and further genotyped them in independent
samples. After the quality control process, the genotypes of 9,665
SNPs in an additional 376 cases and 1,097 controls were obtained in
the second stage of the GWAS. Principal component analysis (PCA)
showed no evidence of genetic heterogeneity in either the first or
second set; however, the genomic control inflation factor (Agc)
was 1.118 in the first set and 1.148 in the second set, suggesting the
possibility of genotype misclassification or the existence of a popu-
lation substructure. We applied stringent quality control criteria in
each step, and the concordance rates among genotypes in the different

platforms were extremely high; therefore, we considered that genotype
misclassification might not be the cause of the difference in Agc.
Because we have previously reported the existence of a population
substructure in the Japanese population!®, we performed PCA using
only the Japanese in Tokyo, Japan (JPT) and Han Chinese in Beijing,
China (CHB) HapMap samples as references. However, this analysis
revealed no clear population substructure (Supplementary Fig. 1).
We therefore used Agc-corrected P values (Pgc) to adjust for the
unknown genetic heterogeneity of the GWAS results’®.

We found that the majér histocompatibility (MHC) region had
a strong effect on ulcerative colitis susceptibility in the Japanese
population as compared with European populations®!%. Combined
analysis using the first and second sets identified 231 SNPs with highly
significant association (Pg¢ < 5 X 1077) located from 25.8 to 36.3 Mb
on chromosome 6 (Fig. 1). Among these broad and strong associations,
a peak of association was located between HLA-DRBI and HLA-DQA1
(rs9271366; Pge = 2.13 x 10738), A second peak lay close to HLA-B
(rs9263739; P = 6.95 X 10736). We speculate that these results might
reflect the reported association of the HLA-DRB1*1502 or HLA-B*52
allele with ulcerative colitis in Japanese individuals!’. Because we did
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The most significant association was
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a o o CNV observed at rs1801274, a nonsynonymous

. SNP (HI131R) of FCGR2A (Pge = 1.56 x

L 8y o? 10712, odds ratio (OR) = 0.63, 95% confidence

g 4 & interval (c.i.) = 0.55-0.72). This nonsynony-

' ) . mous SNP is considered to be important in

1 e s 64 % o +s 3 ol i the elimination of immune complexes!8,

0 14t e a8 T T The affinity of the Arg131 variant of FcyRIla
159.53 159.63 159.73 159.83 159.93  (Mb) .

for all human IgG subclasses is lower than

that of the His131 variant'®, The Argl3]

SDHC FCGR2A | FCGRBA FCGR3B FCALA variant of FcyRlIIa has also been reported to

“""‘_" "“"b <+ — <+ in -+ be functionally causative in systemic lupus

Pz Clori92 HSPAG FCGR2C P erythematosus (SLE)!*?0, Guillain-Barré

syndrome!®, multiple sclerosis'® and type 1

b/\

diabetes®!. Our study showed, however, that
the His131 variant is the susceptibility allele
for ulcerative colitis, a reversal of the genetic

10 -
o 16871847 — + & rs1801274 effect observed in other autoimmune dis-
< i ? oy eases. According to the NCBI database, the
e 51 AP * Pl Hisl131 variant of FcyRIla is conserved in
L @ ® A ! E Pan troglodytes and Mus musculus, but not
2 i | ¢ in Rattus norvegicus. The susceptibility allele
¢ @ o . f ; % g‘ frequency differs among populations (0.491
0 * 2 ¢ T : e . in the CEPH Utah residents with ancestry
159721 159.731 159741 . 159.78]  (Mb) from northern and western Europe sam-

t H pe
Foarea FH : .’ ‘ ple (CEU); 0.496 in the HapMap Yoruba in
J Ibadan, Nigeria (YRI) sample; 0.685 in CHB;

c and 0.831 in JPT).

To define further SNPs associated with

Figure 2 Association mapping and LD structure of the ulcerative colitis-associated region around
FCGRZ2A. (a) Fine mapping using screening samples. Arrows indicate the positions of known

genes. We could not genotype SNPs in the region of copy number variation (CNV) (see main text).
(b) Resequencing using screening samples. (c) LD structure of the ulcerative colitis critical region.
Shown are D’ estimates for 44 common SNPs in cases and controls, where increasing shades of red

indicate higher D’ values.

the disease, we performed fine mapping of
the region including the FCGR2A gene using
51 tag SNPs (Fig. 2a and Supplementary
Table 3). Of the 50 SNPs successfully geno-
typed, rs6671847 located at intron 3 showed
the strongest association with ulcerative
colitis (P = 8.50 X 107%). LD analysis showed
that rs1801274 represents a block of LD span-
ning from upstream of the 5 UTR to intron
5 of FCGR2A. We resequenced a 27-kb
region including this LD block using 94 indi-
viduals with ulcerative colitis and detected
29 new SNPs in addition to 62 known SNPs,
We additionally genotyped 44 SNPs with a
minor allele frequency of 2 0.05, but no SNP
showed a stronger association than rs1801274

not genotype HLA alleles, we could not clarify the linkage disequilib-
rium (LD) relationship between these HLA alleles and the associated
SNPs, Because of the complex LD pattern in this region, however, it was
difficult to determine precisely where the susceptibility genes are
located. In addition, it is possible that the presence of a strong
MHC association might obscure association signals elsewhere.
Comprehensive experiments will be required to clarify these issues.

To identify susceptibility loci outside the MHC region, we selected
the top 15 SNPs after considering LD (Supplementary Table 1) and
genotyped them using two independent sets. After excluding two SNPs
with a call rate of < 0.98, we analyzed 13 SNPs and replicated four
loci (Table 1 and Supplementary Table 2). Among them, rs1801274,
rs17085007 and rs2108225 showed a significant level of replication
even after Bonferroni correction (P < 0.0038).

(Fig. 2b). Haplotype analysis indicated

that a two-marker haplotype (rs1801274-
rs6671847) had a similar degree of association with ulcerative coli-
tis (P = 9.37 x 107°). Logistic regression analysis demonstrated a
weak association signal of rs6671847 after adjustment for rs1801274
(P = 0.035). Because rs1801274 is known as the functional vari-
ant affecting immune response'®, we considered that rs1801274 is
probably the true causative variant and that rs6671847 might have
an additional effect on ulcerative colitis susceptibility. However,
functional analysis will be needed to clarify this issue.

During fine mapping, we identified a copy number variant (CNV)
lying close to rs1801274. This CNV spans a 160-kb region and includes
FCGR gene family members (Fig. 2). We therefore developed four
TagMan assays covering the whole FCGR2A gene (Supplementary
Fig, 2) and found that the CNV was located in a region downstream
of intron 6 of FCGR2A that did not include rs1801274. In addition, we
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found no association of FCGR2A copy number with either rs1801274
or susceptibility to ulcerative colitis (P = 0.29; Supplementary
Table 4). Among the FCGR genes in this CNV region, copy numbers
of both the F158V variant of FCGR3A (1s396991) and FCGR3B have
been associated with several immune diseases?122, However, 15396991
showed no association with ulcerative colitis among individuals with
two copies of FCGR3A (P = 0.19). FCGR3B copy number showed a
weak association with ulcerative colitis (P = 0.001), but this associa-
tion was not significant (P = 0.08) after adjustment for rs1801274.

We mapped a second locus (rs17085007) on chromosome 13q12.13.
Fine mapping of a 290-kb region revealed that the associated region
is 74 kb and contains no known genes (Fig. 3a and Supplementary
Table 3). The gene nearest to this region is USP12 {encoding ubiqui-
tin-specific peptidase-12), but SNPs within or around USP12 showed
no association with ulcerative colitis. We propose that this region
might contain regulatory sequences or might express a transcript that
is not yet identified.

We mapped a third locus (152108225) 9.5 kb upstream of SLC26A3.
Fine mapping revealed that rs2108225 had the strongest associa-
tion with ulcerative colitis, and the associated region was located in
SLC26A3 (Fig. 3b). Haplotype analyses of five SNPs (rs17154444,
rs7810937, rs7785539, 152108225 and rs6951457) in this block of LD

Figure 3 Fine mapping of ulcerative colitis—associated regions across
13q12.13, 7931.1 and 9p24.1 using screening samples. (a) Chromosome
13q12.13. (b) SLC26A3. {c) The JAK2-INSL6-INSL4 locus. Top, values
of —log, o Cochran-Armitage P are plotted against chromosome position.
Bottom, LD analyses (D’) using SNPs with a minor allele frequency of
>0.05 are shown by Haploview.

revealed that a haplotype (TAGGA) showed a stronger association
than rs2108225 (P = 4.58 x 107%). Because resequencing the exons
of SLC26A3 revealed no associated SNPs, we suggest that functional
variants that alter SLC26A3 transcriptional activity might exist in
this haplotype.

A fourth locus (rs10975003) included three genes in the same
block of LD (Fig. 3c). This block included a previously identified
locus for susceptibility to ulcerative colitis? (rs10974944; D’ = 0.92
to rs10975003) and Crohn’s disease’ (rs10758669; D' = 0.70 to
rs10975003), indicating that this region is a shared genetic risk locus
for IBD.

We also evaluated the association of SNPs previously identified
from European GWAS®!? (Supplementary Table 5). SNPs in the
MHC region showed a strong association with ulcerative colitis in
our Japanese subjects, but this association was weaker than the other
associations identified in this study. We also replicated the associa-
tion of chromosome 1p36 and JAK2 with ulcerative colitis, but other
loci showed no association. Some SNPs in IL10 and IL23R were not
polymorphic in our Japanese samples.

We also tested the association of the four SNPs identified in this study
with subphenotypes of ulcerative colitis. When the cases were stratified
by age of onset or disease extension, the four SNPs were associated
similarly with every subphenotype (Supplementary Table 6). We could
not estimate the effects of a history of colectomy or smoking habit at
onset due to the small number of cases of each subphenotype.

Our GWAS identified a strong association between ulcerative colitis
and SNPs in FCGR2A, which encodes an activating-type Fcy receptor
(FcyRITa). FoyRlIla is expressed on the surface of several immune cells and
binds immunoglobulins to induce various functions!®, Accumulating
evidence suggests that an aberrant response to intestinal microbes has
a crucial role in the pathogenesis of ulcerative colitis'. High popula-
tions of mucosal B cells and plasma cells, which are associated with
increases in autoantibodies, are frequently found in ulcerative colitis®.
Engagement of FcyRIla with IgG antibodies is reported® to induce secre-
tion of tumor necrosis factor-o. In addition, abnormal IgG function in
response to pathogens can trigger aberrant immune manifestations. Our
findings indicate that antibody-mediated adaptive immunity mediated
through FcyRITa may have a pivotal role in, and account for part of the
mechanism of, the type 2 T-helper cell-polarized immune response in
ulcerative colitis.

FCGR2A isreported to be a susceptibility gene for other autoimmune
diseases, and the H131R substitution in FcyRlIla is considered to have
functional significance. His131 is located at the IgG-binding site
of FcyR1la'®, The H131R amino acid change affects the receptor’s
recognition of immunoglobulins®® and increases its binding affinity
for immune complexes, resulting in an increase in both the phago-
cytic capacity of polymorphonuclear leukocytes and cytokine
production. In SLE, individuals with the Arg131 variant of FcyRIla
have weaker binding affinity for human IgG and are thought to have
a lower capacity for immune complex elimination, which might lead
to the glomerular immune complex deposition observed in lupus
nephritis'®. By contrast, a higher capacity for immune complex
handling in subjects with the His131 variant would lead to
hyperactivation of immune cells. Such hyperactivation could induce
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a higher capacity for antigen presentation to T cells and activation of
B cells, as well as the overproduction of cytokines. We therefore speculate
that individuals with the His131 variant of FcyRIla may experience
the hyperactivation of multiple immune cells, resulting in perpet-
ual inflammation of the colorectal mucosa after immune complex
production from some antigens. Our findings imply that the immune
complex pathway mediated through FcyRlIla is important in the
etiology of ulcerative colitis.

The SLC26A3 protein is a transmembrane glycoprotein that is
reported to be localized in the mucosal epithelium of the lower intes-
tinal tract and is known to function mainly as a sulfate transporter
that reabsorbs Cl™ ions into the epithelium and excretes HCO;™ into
the intestinal lumen?®. Mutations in SLC26A3 have been reported to
cause congenital chloride diarrhea?”. Expression of the glycoprotein is
reduced in the surface epithelium of individuals with ulcerative colitis
and in animal models of spontaneous colitis®®. In addition, entero-
pathogenic Escherichia coli infection reduces intestinal ClI™—OH~
exchange activity after decreasing SLC26A3 transcripts®®. These results
suggest that ulcerative colitis susceptibility alleles in SLC26A3 may act
as a silencer, and the reduction in transcripts might contribute to
ulcerative colitis susceptibility.

In summary, our GWAS identified three new ulcerative colitis
susceptibility loci by using 1,384 cases and 3,057 controls. Our findings
should shed light on the pathogenesis of ulcerative colitis and other
autoimmune diseases.

METHODS
Methods and any associated references are available in the online
version of the paper at hitp://www.nature.com/naturegenetics/.

Accession codes. JSNP: genotype data of the 934 controls in the first
set, JSNP550typed.

Note: Supplementary information is available on the Nature Genetics website,
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ONLINE METHODS

Samples. We conducted a two-stage GWAS using independent case-control
sets (Supplementary Table 7). Samples from individuals with ulcerative
colitis were collected from Kyushu University and 25 affiliated hospitals:
Kyushu University Hospital (n = 129), Fukuoka University Chikushi Hospital
(n = 106), Fukuoka University Hospital (# = 85), Saiseikai Kumamoto
Hospital (n = 11), Yamaguchi Red Cross Hospital {n = 20), Matsuyama Red
Cross Hospital (n = 113), Fukuoka Red Cross Hospital (n = 16), Chihaya
Hospital (n = 19), Kyushu Central Hospital {(n = 6), Hakujuji Hospital
(1n=12), Health Insurance Nogata Chuou Hospital (# = 19), Kokura Medical Center
(n=15), Japan Seamen’s Relief Association Moji Hospital (1 = 2), Shimonoseki City
Central Hospital (1 = 6), Kama Red Cross Hospital (1 = 3), Sasebo Chuo Hospital
(n = 45), Nippon Steel Yawata Memorial Hospital (i1 = 33), Kimura Hospital
(n = 13), Saiseikai Yahata General Hospital (1 = 12), Kyushu Dental College
Hospital (# = 1), Hamanomachi Hospital {n = 48), Kamata Hospital (1 = 1),
Kamori Clinic (1 = 3), Kaita Hospital (n = 2), Sakura Hospital (n = 1) and
Osamura Clinic (1 = 31). Consequently, 752 individuals with ulcerative colitis
were recruited under the standardized diagnostic criteria and were randomly
divided into two sets. We used 376 samples from individuals with ulcerative
colitis for the first stage and 376 for the second stage. Age, sex and clinical
parameters did not differ between these two sets (Supplementary Table 8).
For the control subjects, we used 934 volunteers recruited at the Midosuji and
other related Rotary Clubs for the first stage (mean age, 52 * 15 years old).
Controls for the second stage were selected from participants in the Hisayama
health survey’® conducted between 2002 and 2003, after excluding subjects
with a history of ulcerative colitis (mean age, 57 + 10 years). The age and sex of
subjects, and the geographical location of the recruitment centers, are shown in
Supplementary Table 7 and Supplementary Figure 3, respectively.

For the replication study, 265 individuals with ulcerative colitis and 665
healthy volunteers were recruited at Tohoku University Hospital from May
1998 to January 2006 (replication set 1). Individuals with ulcerative colitis
for replication set 2 were recruited at Sapporo Medical University Hospital
and seven affiliated hospitals (# = 64), Sapporo Kosei General Hospital
(n = 249) and Teine Keijinkai Hospital (n = 63). Healthy controls for
replication set 2 (1 = 376) were recruited at the Department of Public Health,
Sapporo Medical University.

Diagnosis of ulcerative colitis in all subjects was made by expert gastro-
enterologists in accordance with clinical, radiological, endoscopic and histo-
logical features based on established uniform criteria®'. Namely, diagnosis of
ulcerative colitis requires (i) chronic or recurrent symptoms of bloody (and
mucous) stool; (ii) macroscopic appearance by endoscopy or barium enema
of continuous mucosal inflammation affecting the rectum in continuity with
some or all of the colon; (iii) microscopic features on biopsy including the
presence of widespread and diffuse mucosal distortion, diffuse transmucosal
lymphocytic inflammation, cryptitis and crypt abscesses; and (iv) no suspi-
cious findings of Crohn’s disease, indeterminate colitis, infections, or other
acute or chronic non-IBD conditions on small bowel radiograph, ileocolono-
scopy, biopsy or stool examination. When endoscopic or histopathologi-
cal findings of the individuals were divergent or inconclusive for diagnosis
of ulcerative colitis or Crohn’s disease, we regarded those subjects to have
indeterminate colitis and excluded them from analysis. In terms of disease
extent, proctitis was defined as inflammatory changes limited to the rectum.
Left-sided colitis was defined as inflammatory changes up to the splenic
flexure, and changes beyond the splenic flexure were defined as extensive
colitis. Ulcerative proctitis is a milder ulcerative colitis subphenotype and is
sometimes regarded as a separate phenotype because of its better prognosis.
However, the clinical symptoms and histopathological findings of ulcera-
tive proctitis are the same as those of other subphenotypes. In addition, the
impact of the susceptibility loci identified in this study was not influenced by
subphenotype. As a result, we included ulcerative proctitis in this study as a
ulcerative colitis subphenotype.

The ethical committees of Kyushu University, Tohoku University, Sapporo
Medical University and RIKEN approved this study, and written informed
consent was obtained from all subjects.

Genotyping and data-quality filters. For the first-stage screening, 376 cases
and 934 controls were genotyped by using an Illumina HumanHap550v3

Genotyping BeadChip. After excluding three cases with a call rate of < 0.98,
we applied SNP quality control (call rate > 0.99 in cases and controls, Hardy-
Weinberg P> 1 x 1079 in controls) and 513,923 autosomal SNPs that passed
the quality filters were analyzed in the first stage. The genotype data of the
934 controls are available at the JSNP database. Of the SNPs analyzed in the
first stage, we selected the top 12,000 SNPs with a minor allele frequency of
> 0.1 in either cases or controls after considering the statistical power required
to detect associations for SNPs in the second stage. In the second stage, we
genotyped an additional 376 ulcerative colitis cases and 1,128 controls by
using an Affymetrix GeneChip Custom 10K array. After excluding 31 controls
with a call rate of < 0.95, all cluster plots were checked by visual inspec-
tion by trained staff, and SNPs with an ambiguous call were excluded. As a
result, 9,665 out of 10,635 SNPs assayed were analyzed in the second stage.
We used a multiplex PCR-based Invader assay? for the replication study
(including a replication study of previous GWAS) and fine mapping. Six
cases and 15 controls were excluded from analysis owing to a low call rate
in replication set 1. The concordance rate between genotypes determined
by the llumina HumanHap550v3 BeadChip and those determined by the
Affymetrix GeneChip Custom 10K array among 94 duplicated samples was
0.9997. The concordance rate of 13 SNPs selected for the replication study was
0.999 between the Affymetrix GeneChip Custom 10K array and the multiplex
PCR-based Invader assay. The reproducibility of the multiplex PCR-based
Invader assay was 0.998 on the basis of duplicate assays of five SNPs among
all samples analyzed.

Fine mapping and resequencing. We performed fine mapping for four
ulcerative colitis~associated loci using all samples in the first and second sets.
Haploview was used to select tag SNPs with a pairwise r? of > 0.90 and a minor
allele frequency of 2 0.05 on the basis of HapMap JPT data. Resequencing of
candidate regions was performed in 94 ulcerative colitis cases by using an
ABI3730 Genetic Analyzer.

Estimation of gene copy numbers. To estimate gene copy number in the
FCGR gene cluster, we conducted a quantitative real-time PCR assay (TagMan
assay, Applied Biosystems). We designed at least two probes that encompassed
each gene by using Primer Express 1.5. These TagMan probes were labeled
with FAM dye at the 5 end, linked by a nonfluorescence quencher, and tagged
with MGB dye at the 3" end. As a reference gene, we used the TagMan Copy
Number Reference Assay RNase P (Applied Biosystems). All TagMan assays
were performed by following reported protocols, and copy number calcula-
tion was conducted by the AACt method?3. We assumed that samples with a
median A Ct value were two-copy samples and used them as a calibrator. All
samples were examined in quadruplicate, and the average copy number values
were used in the scatter plot analysis. The primer and probe sequences of all
assays are available from the authors on request. We calculated confidence
in the predicted copy numbers, and samples with a prediction confidence of
<0.95 were removed from further analyses (total call rate, 99.8%).

Statistics. For general statistical analysis, we used R statistical environment
version 2.7.1 or PLINK. To draw the LD map, we used Haploview software. To
select SNPs for the second stage, single-marker analysis in the first stage was
carried out by allele frequency, dominant and recessive models using Fisher’s
exact test, The possible influence of population stratification was investigated
by EIGENSTRAT software using all of the 442,793 autosomal SNPs located at
the non-MHC region with a call rate of > 0.99 and a minor allele frequency
of > 0.01. We also included genotypes obtained from four populations of
the HapMap project for estimation of the population structure, For estima-
tion of the population substructure, we included the genotypes of JPT and
CHB of the Hapmap project only. To identify spurious associations resulting
from more subtle stratification of the case and control populations, we also
calculated the genomic control inflation measure!® and plotted the observed
distribution as compared with the expected distribution of P values (quan-
tile-quantile plots). Single-marker analysis of each set was carried out by
using the Cochran-Armitage trend test. P values for first and second set of
the GWAS were corrected by the method of genomic control. Combined
analysis of the data from different case-control sets was conducted by the
inverse variance method using Ag¢-corrected P values in the first and second
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set. Heterogeneities across the population were estimated formally by using
Cochran’s Q test. To test the association between ulcerative colitis and the copy
number of genes in the FCGR locus, logistic regression analysis was used in all
subjects for whom complete genotyping and copy number were available.

URLs. JSNP, http://snp.ims.u-tokyo.ac.jp/; R statistical environment,
http://www.cran.r-project.org/; PLINK, http://pngu.mgh.harvard.edu/
~purcell/plink/.

30.

3

—

32.

33.

Kiyohara, Y. et al. Ten-year prognosis of stroke and risk factors for death in a
Japanese community: the Hisayama study. Stroke 34, 23432347 (2003).

. Lennard-Jones, J.E. Classification of inflammatory bowel disease. Scand. J.

Gastroenterol. Suppl. 170, 2-6 (1989).

Ohnishi, Y. et al. A high-throughput SNP typing system for genome-wide association
studies. J. Hum. Genet. 46, 471-477 (2001).

Hosono, N. et al. Multiplex PCR-based reai-time invader assay (mPCR-RETINA): a
novel SNP-based method for detecting allelic asymmetries within copy number
variation regions. Hum. Mutat. 29, 182-189 (2008).

© 2009 @ nature publishing group

To order reprints, please contact:
Americas: Tel 212726 9278; Fax 212 679 0843; author-reprints@nature.com
Europe/UK/ROW: Tel +44 (0)20 7833 4000; Fax + 44 (0)20 7843 4500; author-reprints@nature.com
Japan & Korea: Tel +81 3 3267 8751; Fax +81 3 3267 8746; reprints@naturejpn.com

doi:10.1038/ng.482

NATURE GENETICS

— 435 —



Induction of Intestinal Th17 Cells
by Segmented Filamentous Bacteria

lvaylo 1. lvanov, 0 Koji Atarashi,1° Nicolas Manel,:'! Eoin L. Brodie,»! Tatsuichiro Shima,”'! Ulas Karaoz,*
Dongguang Wei,5 Katherine C. Goldfarb,* Clark A. Santee,* Susan V. Lynch,® Takeshi Tanoue,® Akemi Imaoka,”
Kikuji 1toh,® Kiyoshi Takeda,? Yoshinori Umesaki,” Kenya Honda,®%* and Dan R. Littman'.2*

"Molecular Pathogenesis Program, The Kimmel Center for Biology and Medicine of the Skirball institute

2Howard Hughes Medical Institute

New York University School of Medicine, New York, NY 10016, USA

3Laboratory of Immune Regulation, Graduate School of Medicine, WPI Immunology Frontier Research Center, Osaka University,

2-2 Yamada-oka, Suita, Osaka 565-0871, Japan

4Center for Environmental Biotechnology, Earth Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 84720, USA
5Carl Zeiss SMT, Inc., Nanotechnology Systems Division, One Corporation Way, Peabody, MA 01860, USA
8Djvision of Gastroenterology, Department of Medicine, University of California San Francisco, 513 Parnassus Avenue, San Francisco,

CA 94143, USA

7Yakult Central Institute for Microbiological Research, Yaho 1798, Kunitachi, Tokyo 186-8650, Japan
8Department of Veterinary Public Health, University of Tokyo, Bunkyo-ku, Tokyo 113-8657, Japan
9Precursory Research for Embryonic Science and Technology, Japan Science and Technology Agency, 4-1-8 Honcho Kawaguchi,

Saitama, 332-0012 Japan
10These authors contributed equally to this work
1These authors contributed equally to this work

*Correspondence: honda@ongene.med.osaka-u.ac.jp (K.H.), littman@saturn.med.nyu.edu (D.R.L.)

DOI 10.1016/j.cell.2008.09.033

SUMMARY

The gastrointestinal tract of mammals is inhabited
by hundreds of distinct species of commensal micro-
organisms that exist in a mutualistic relationship
with the host. How commensal microbiota influence
the host immune system is poorly understood. We
show here that colonization of the small intestine of
mice with a single commensal microbe, segmented
filamentous bacterium (SFB), is sufficient to induce
the appearance of CD4" T helper cells that produce
IL-17 and IL-22 (Th17 cells) in the lamina propria.
SFB adhere tightly to the surface of epithelial cells

in the terminal ileum of mice with Th17 cells but are.

absent from mice that have few Th17 cells. Coloniza-
tion with SFB was correlated with increased expres-
sion of genes associated with inflammation and
antimicrobial defenses and resulted in enhanced
resistance to the intestinal pathogen Citrobacter
rodentium. Thus, manipulation of this commensal-
regulated pathway may provide new opportunities
for enhancing mucosal immunity and treating auto-
immune disease.

INTRODUCTION

The vertebrate intestine is typically colonized by hundreds of
distinct species of microorganisms that have a mutually benefi-
cial relationship with the host. Intestinal microbiota are known to

influence the development and balance of the host immune
system and have been implicated in prevention of damage
induced by opportunistic microbes, in repair of damage to the
mucosal barrier and in influencing systemic autoimmune
diseases (Backhed et al., 2005; Macpherson and Harris, 2004,
Rakoff-Nahoum and Medzhitov, 2006). CD4* T cells acquire
distinct functional properties in response to signals conveyed
by commensal and pathogenic microbe-activated cells of the
innate immune system (Seder and Paul, 1994). T helper type 1
(Th1) and Th2 cells control intracellular microorganisms and
helminths, respectively (Abbas et al, 1996; Glimcher and
Murphy, 2000), whereas the induced regulatory T ({Treg) cells
suppress excessive immune responses (Gavin and Rudensky,
2003). Thi17 cells secrete interleukin-17 ({L-17), IL-17F, and
IL-22 and have significant roles in protecting the host from
bacterial and fungal infections, particularly at mucosal surfaces.
Th17 cells also have potent inflammatory potential, and thus are
key mediators of autoimmune disease (Aujla et al., 2007, Bettelli
et al., 2007). Th17 and Treg cells are both dependent on trans-
forming growth factor B (TGF-p) for their differentiation and are
defined by the expression of the lineage-specific transcription
factors RORyt and Foxp3, respectively (Fontenot et al., 2003;
Hori et al., 2003; Ivanov et al., 2006; Khattri et al., 2003; Mangan
et al., 2006; Veldhoen et al., 2006). At appropriate concentrations
of TGF-p and IL-6, antigen-activated CD4™ T cells upregulate
ROR~t and express Th17 cell cytokines (Zhou et al., 2008).
Th17 cells are most abundant at steady state in gut-associ-
ated tissues, particularly the small intestinal lamina propria
(81 LP) (lvanov et al., 2008; Ivanov et al., 2006), where they accu-
mulate only in the presence of luminal commensal microbiota
(Atarashi et al., 2008; Hall et al., 2008; lvanov et al., 2008).
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Germ-free (GF) mice, which lack Th17 cells in the SI LP {and also
in the colon), acquired them after colonization with conventional
microbiota. Treatment of newborn mice with antibiotics, particu-
larly vancomycin, resulted in marked reduction in the number of
Th17 cells in the SI LP. Most strikingly, C57BL/6 (B6) mice ob-
tained from different commercial vendors displayed marked
differences in the proportion of Th17 cells in the SI LP (lvanov
et al., 2008). Thus, mice from the Jackson Laboratory had very
low numbers of SI LP Th17 cells compared to mice of the
same strain obtained from Taconic Farms. Transfer into GF
mice of intestinal contents of Taconic B6 mice, but not Jackson
B6 mice, induced Th17 cell accumulation, and Jackson mice
acquired Th17 cells within weeks of cohousing with mice from
Taconic Farms. GF mice colonized only with a defined cocktail
of bacteria (Altered Schaedler Flora [ASF}) lacked intestinal
Th17 cells (lvanov et al,, 2008). These results demonstrated
that the induction of Th17 cells in the SI LP is controlied not by
the presence of bacteria per se, but by the composition of the
intestinal microbiota and, presumably, the presence of specific
bacterial taxa. Intriguingly, Treg cells, which, like Th17 cells,
are abundant in the intestine, were increased in proportion in
the SILP in GF mice, and their numbers were inversely correlated
to the proportion of Th17 cells. Signals derived from microbiota
may thus influence the differentiation potential of multipotent
CD4* T cells in the lamina propria (Zhou et al., 2008).

Here, we report that specific members of the commensal mi-
crobiota known as segmented filamentous bacteria (SFB), with
the candidate name Arthromitus, are potent inducers of Th17
cells in the Sl LP of mice. SFB, spore-forming gram-positive
bacteria most closely related to the genus Clostridium, have
been reported to colonize the intestines of numerous species,
including humans (Davis and Savage, 1974; Klaasen et al.,
1993a). They typically adhere tightly to epithelium in the ileum,
where their abundance has been noted to correlate with reduced
colonization and growth of pathogenic bacteria (Garland et al.,
1982; Heczko et al., 2000). SFB were present in large numbers
in conventionally raised B6 mice from Taconic Farms but were
undetectable in the same strain of mice obtained from the Jack-
son Laboratory. Introduction of SFB, but not other bacteria, into
Th17 cell-deficient mouse modeis induced IL-17 and iL-22
expression in CD4* T cells in the Sl LP. Upon colonization,
SFB induced a proinflammatory gene program that was similar
to that induced in Jackson B6 mice cohoused with Taconic
animals, suggesting that SFB are major modulators of immune
responses in conventional mice. SFB colonization induced
production of serum amyloid A (SAA) in the terminal ileum, and
SAA acted on lamina propria dendritic celis (LP DCs) to promote
Th17 cell differentiation in vitro. SFB colonization resuited in
reduced growth of an intestinal pathogen, suggesting that intes-
tinal commensal microbes can contribute to Th17 cell-mediated
mucosal protection.

RESULTS
Comparative Analysis>of the Intestinal Microbiota
of Jackson and Taconic B6 Mice

To identify the bacterial species that induce Th17 ceills in the
small intestine, we compared the bacterial content in B6 mice

486 Cell 139, 485-498, October 30, 2009 ©2009 Elsevier Inc.

purchased from Taconic Farms and Jackson Laboratory. We
previously showed that transfer of cecal contents could induce
Th17 cells in recipient mice (lvanov et al.,, 2008). Because we
find more Th17 cells in the small intestine than in the large intes-
tine (Ll), we surmised that the Th17 cell-inducing bacterial
species are present also in the small intestinal microbiota.
Indeed, colonization of GF and Jackson B6 mice with the
contents of the small intestines of Taconic B6 mice induced
numbers of Th17 cells similar to those in specific-pathogen-
free (SPF) Taconic B6 mice {Figure 1A). We therefore chose to
investigate the bacterial composition of the small intestine in
detail. To provide an in-depth profile of the bacterial communities
present in the small intestine of Taconic and Jackson mice, we
analyzed these samples using the 168 ribosomal RNA (rRNA)
PhyloChip (Brodie et al., 2006), a high-density microarray with
over 300,000 probes targeting the sequence polymorphisms in
the 16S rRNA gene, permitting detection of approximately 8500
bacterial taxa. Overall 1164 taxa were detected across all
samples, 509 + 32 taxa were detected in Jackson B6 mice, and
828 + 82 taxa were detected in Taconic B6 mice (Figure S1 avail-
able online). Our previous analysis by fluorescence in situ hybrid-
ization had demonstrated a correlation between a probe for the
Cytophaga-Flavobacter-Bacteroides (CFB) phylum and the
presence of Th17 cells in Taconic mice (lvanov et al., 2008).
However, closer analysis of recently published 16S rRNA se-
quences revealed that this probe also matches perfectly to
a number of non-CFB taxa, including bacteria in the Firmicutes,
Actinobacteria, and Verrucomicrobia phyla. The PhyloChip anal-
ysis demonstrated that, indeed, the overall representation of the
major bacterial phyla, including CFB, was not statistically
different between the two mouse strains {Figure S2).

The depth of coverage and phylogenetic breadth of the Phylo-
Chip allowed us to assay the microbial community at multiple
phylogenetic levels, while its sensitivity permitted detection of
less abundant organisms even in dominated communities (De-’
Santis et al., 2007). Comparative analysis of 766 bacterial taxa
detected in at least three out of four replicates from either strain
of mice demonstrated that the relative abundance of 479 taxa
was significantly different (p < 0.05) between the two mouse
strains, with 372 taxa having greater abundance in Jackson
mice and 107 taxa overrepresented in the Taconic group.
However, of the 479 significantly different taxa, most differences
were subtle, with only 52 being above 5-fold (17 greater in Ta-
conic and 35 greater in Jackson), and only two taxa were >25-
fold more abundant. These were identified as members of the
Lactobacillaceae and Clostridiaceae families—Lactobacillus
murinus ASF361 and a segmented filamentous species of the
candidate genus Arthromitus (Figure 1B). Both were of signifi-
cantly greater.(p < 0.001) relative abundance in Taconic mice
(~94-fold for Lactobacillus murinus and ~40-fold for Candidatus
Arthromitus); however, since both were below the PhyloChip
threshold of detection in the Jackson mice, these fold changes
should be considered a minimum. For both taxa, overrepresen-
tation of close phylogenetic relatives was not observed, suggest-
ing a species-specific increase in relative abundance (Figure 1B).

Lactobacillus murinus ASF361 is a component of the ASF
(Dewhirst et al., 1999). ASF is used by Taconic Farms as a basal
inoculum introduced into all Taconic rederived strains, but is not
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intentionally introduced into Jackson Laboratory animals.
Because of these differences, we previously tested whether
L. murinus ASF361, in the context of ASF, induces Th17 cell
differentiation. Colonization of germ-free mice with ASF,
including L. murinus ASF361, did not induce any Th17 cells in
the St LP (lvanov et al., 2008). We therefore concluded that
L. murinus ASF 361 is not involved in the induction of Th17 cell
differentiation.

Presence of SFB Correlates with the Presence

of Th17 Cells

We next examined the representation of Candidatus Arthromitus
in Th17 cell-sufficient and Th17 cell-deficient mice. Arthromitus
is an unofficial candidate genus name for the group of so-called
segmented filamentous bacteria (Snel et al., 1995). SFB are yet
to be cultured, commensal, gram-positive, anaerobic, spore-
forming bacteria that are resident in the terminal ileum under
steady-state conditions (Davis and Savage, 1974). SFB have a
characteristic long filamentous morphology, are comprised of
multiple segments with well-defined septa, and often span the
length of several villi. They colonize the gastrointestinal tract of
mice at weaning time and adhere tightly to epithelial cells (Koop-
man et al., 1987). SFB are present in many vertebrate species,
including rodents (Davis and Savage, 1974), fish, chicken,
dogs, and primates (Klaasen et al., 1993a; Ley et al., 2008). A
phylogenetic tree based on an alignment of the available SFB
16S rBNA gene sequences according to their sequence origin
is presented in Figure S3. SFB are known to actively interact
with the immune system (Klaasen et al,, 1993b)}. Colonization
of germ-free animals with SFB leads to stimulation of secretory
1gA (SlgA) production and recruitment of intraepithelial lympho-
cytes (IELs) to the gut (Talham et al.,, 1999; Umesaki et al.,
1999). Mice lacking the activation-induced cytidine deaminase
(AID) required for antibody diversification had outgrowth of
SFB in their small intestine (Suzuki et al., 2004).

We validated the abundance of SFB in the gut of Taconic and
Jackson B6 mice by quantitative real-time PCR (gPCR) for 16S
rDNA sequences. SFB were present in fecal material from cecum
as well as small and large intestine of Taconic B6 mice, but could
not be detected in Jackson B6 mice (Figure 2A and data not
shown). Scanning electron microscopy revealed a thick network
of SFB present in the terminal ileum of 6- to 8-week-old Taconic
B6 mice (Figure 2B). In contrast, we could not detect any
bacteria with SFB morphology in age- and sex-matched Jack-
son B6 mice, even after equilibration of housing conditions and
diet (Figure 2B). Despite similar numbers of total bacteria in the
feces of both strains, only non-SFB bacteria were evident in
the terminal ileum of mice from Jackson Laboratory (Figure S4).
Transmission electron microscopy confirmed typical SFB
morphology with well-defined segments in tight contact with
the epithelial cells of ileum from Taconic but not Jackson B6
mice (Figure 2B). To confirm that SFB can be horizontally trans-
ferred, we cohoused female mice obtained from the two sources
and observed Th17 cells in the lamina propria of Jackson B6
mice within 10 days (lvanov et al. 2008) (Figure S5). gPCR anal-
ysis of fecal material and microscopy of terminal ileum confirmed
the appearance of SFB in the co-housed Jackson B6 mice
(Figures 2C and 2D).

488 Cell 139, 485-498, October 30, 2009 ©2009 Elsevier Inc.

SFB Specifically Induce Th17 Cells in the Intestinal
Lamina Propria

To test whether SFB are sufficient to induce Th17 cells, we colo-
nized germ-free (GF) Swiss-Webster mice with fecal material
obtained from mice monocolonized with SFB (SFB-mono mice)
(Umesaki et al., 1995) and examined lamina propria CD4"
T cells for Th17 celi differentiation 10 days later. Noncolonized
control GF mice housed under separate but similar conditions
had no Th17 cells (Figure 3A). In contrast, SFB colonization
induced robust accumulation of Th17 cells in both the S| and
LI LP (Figures 3A and S$6). SFB induced production of both
iIL-22 and IL-17 in CD4* T cells (Figures 3A and 3B). The effect
of SFB on Th17 celi differentiation was similar in Swiss-Webster
and QI GF mice housed at different institutions (Figures 3B and
3C). Moreover, the effect of SFB on inducing IL-17 production in
LP T cells is bacterial species specific, because colonization with
Bacteroides species as well as with a defined mix of Clostridium
species, which are closely related to SFB, did not induce Th17
cells in GF mice (Figure 3C). Finally, SFB had no effect on inter-
feron-y (IFN-y) production, indicating that they specifically
influence Th17 and not Th1 cell differentiation (Figure 3D). Colo-
nization of GF mice with SFB restored RORyt* T cells to the
levels observed in mice kept under SPF conditions (Figure 3E).
By contrast, the number of RORyt* non-T cells, which include
lymphoid tissue inducer-like cells and natural killer (NK)-like
cells, was similar in GF mice, SFB-mono mice, and mice kept
in SPF conditions (Figure 3E), and there was no significant differ-
ence in IL-17 and {L-22 production by these cells (Figure S7).
Notably, SFB colonization and induction of Th17 celis did not
reverse the elevated proportion of Foxp3* cells among the
CD4™* T cells in the SI LP and the peritoneal cavity of GF mice.
(Figure S8).

To determine whether SFB can also induce Th17 cell differen-
tiation in conventionally raised mice, we introduced fecal
material from SFB-mono mice by oral gavage into 6-week-old
Jackson B6 mice and analyzed colonization and cytokine
production in the St LP. By 10 days, SFB were detected by scan-
ning electron microscopy in the terminal ileum (Figure 4A) and by
gPCR in the feces (data not shown), and robust Th17 cell differ-
entiation was observed in the Sl LP (Figures 4B and 4C). In
contrast, control untreated Jackson B6 mice or Jackson B6
mice gavaged with bacterial suspensions from their littermates
did not show anincrease in Th17 celis (Figures 4B and 4C). Simi-
larly, introduction of Jackson microbiota into GF animais did not
induce Th17 cells, unless the microbiota were supplemented
with SFB (Figures 4D and 4E). Th17 cell induction by SFB was
also demonstrated by the expression of a number of Th17 cell
effector cytokine messenger RNAs (mRNAs), including those
for IL-17 and IL-21 (Figure 4F). We therefore conclude that
SFB are members of the commensal microbiota that specifically
induce the accumulation of Th17 celis in the SI LP.

SFB Induce an Immune Response Program in the Gut
To identify specific effects of SFB, we compared the gene

- expression profiles in the terminal ileum of Swiss-Webster GF

mice before and after colonization with SFB and in Jackson B6
mice before and after cohousing with Taconic B6 animals. Colo-
nization of GF mice with SFB induced at least a 2-fold change in

— 439 —



Relative Fold Change
o
N b OO N D W
© C 0 0O 0 O 0 O © O
k-l
a
2 -
[~] n - o ~
m
c
]
|

Tac Jax Tac Jax
C
10

@

f=2

c

o

s 1

© .

L

Qo

2 01-

E H

o :

& ! nd

0.0% -
Jax Tac Jax-Coh

D

20

15 -
mlX '
!
51
1
t
|
o . -
Tac Jax

SFB per section

Jax-Coh

Figure 2. Segmented Filamentous Bacteria in the Intestinal Tract of Th17 Cell-Sufficient and Th17 Cell-Deficient Mice
(A) Quantitative PCR (GPCR) analysis of segmented filamentous bacteria (SFB) and total bacterial (EUB) 165 rRNA genes in mouse feces from Taconic (Tac) and
Jackson (Jax) B6 mice. Genomic DNA was isolated from combined fecal pellets from four animals from each strain. The experiment was repeated numerous

times with similar results. Error bars represent the standard deviation (SD).

(B) Scanning (SEM) and transmission (TEM) electron microscopy of terminal ileum of 8-week-old Jackson (Jax) and Taconic (Tac) C57BL/6 mice housed under
similar conditions and diet for at least 1 week. Note the presence of long filamentous bacteria with SFB morphology in Taconic, but not Jackson, mice.
(C) gPCR analysis for SFB presence in Jackson B6 mice after 14 days of cohousing with Taconic B8 mice (Jax-Coh). Genomic DNA was isolated from pooled

feces from three to four mice per group. Error bars represent the SD.

(D) SFB colonization of terminal fleum of Jackson B6 mice after 14 days of cohousing with Taconic B6 mice (Jax-Coh). Toluidine-blue sections were prepared from
0.5 cm piece of the terminal ileumn as described in the Experimental Procedures and examined by light microscopy. Adherent bacteria with SFB morphology were
counted in four to five sections from each sample. Each column represents a separate animal, Emor bars represent the SD. ’

expression of 263 genes, while cohousing of Jackson B6 mice
with Taconic B6 mice induced a similar change in 470 genes
(Figure 5A). More importantly, there was a high degree of overlap
between the two groups, with expression of 131 genes affected
by both treatments. We could therefore distinguish three groups
of genetic profiles. Group 1 includes genes whose expression
was affected only in Jackson mice by cohousing, but was not
statistically different after SFB colonization. This group most
likely includes genes whose expression is influenced by micro-
biota other than SFB that differs between the mice from the
different vendors, as well as strain-specific changes. Group 2
consists of genes whose expression only changed in GF mice
upon colonization with SFB, but not in Jackson B6 mice

following cohousing. A subset of these genes is expected to
reflect changes induced in GF animals upon general intestinal
colonization with bacteria. Group 3 includes the genes with
expression differences after both SFB colonization and cohous-
ing with Taconic mice (Figure 5A) and thus contains genes
specifically induced by SFB and associated with Th17 cell
induction. '
SFB exerted an inductive effect in the host, which was demon-
strated by the finding that most (>70%) of the genes in group 3
were upregulated after SFB colonization (Figure 5B). By compar-
ison, most genes in group 1 (>70%) were downregulated, which
suggests that the rest of the Taconic microbiota has a suppres-
sive effect that may possibly restrain the inductive effect of SFB

Cell 139, 485-498, October 30, 2009 ©2009 Elsevier Inc. 489
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Figure 3. SFB Specifically Induce Th17 Cell Differentiation in Germ-Free Mice

(A and B) Six-week old Swiss-Webster (SW) germ-free {(GF) mice were colonized with SFB (GF+SFB) as described in the Experimental Procedures, and small
intestinal lamina propria lymphocytes (S LPL) were isolated 10 days later. Representative plots in (A) and combined data in (8) of IL-17 and IL-22 expression
in TCRB*CD4* LPL. Data are from one of three separate experiments with similar results. SPF, mice raised under conventional specific pathogen-free conditions.

Each circle in (B) represents a separate animal. Error bars represent the SD.

(C and D) IL.-17 (C) and IFNy (D) expression in TCRR*CD4* SI LPL from mice colonized with different commensal bacteria. 1Ql germ-free (GF) mice were colonized
with 16 strains of Bacteroidaceae (B. mix), SFB, 46 strains of Clostridium sp mixture (Clost. mix), or microbiota from conventionally raised mice (SPF). Intraceliular
cytokine production in SI LP CD4 T cells was analyzed 3 weeks later by flow cytometry. Circles represent separate animals. Error bars represent the SD.

(E) SFB colonization induces RORyt expression only in CD4* T cells. RORyt expression in total St LPL (top panels) and RORyt and Foxp3 expression in
TCRB*CD4* Sl LPL (bottom panels) in GF mice, GF mice colonized with SFB (GF+SFB), and conventionally raised mice (SPF).

(Figure 5B). Group 2, on the other hand, consisted of roughly
equal numbers of upregulated and downregulated genes.

To evaluate changes specifically associated with Th17 cell-
inducing SFB, we next concentrated on the genes in group 3.
A list of the top upregulated genes is presented in Figure 5C. A
GO biological pathway analysis of upregulated genes in group
3 showed that immune system pathways were among the
programs most significantly induced by SFB (Figure 5D) and
raised the possibility that at least some of the observed gene
expression changes were mediated by Th17 cells or their
effector cytokines. Because IL-17 and IL-22 have been associ-
ated with induction of antimicrobial peptides (AMPs) (Curtis

490 Cell 139, 485-498, October 30, 2009 ©2009 Elsevier Inc.

and Way, 2009; Kolls et al., 2008; Zheng et al., 2008), we
compared the induction of AMP-related genes in our arrays.
Multiple AMP genes were induced specifically by colonization
with SFB, consistent with an upregulated Th17 cell response
(Figure 5E). Upregulation of Th17 cell-associated genes (/l17,
1121, Ccr6, Nos2) and AMPs (Reg3g) after SFB colonization
was confirmed by quantitative RT-PCR (Figures 4F and 5F).

Serum Amyloid A Is Induced by SFB Colonization

and Influences Th17 Cell Differentiation

The top upregulated transcript upon SFB colonization of GF
mice encoded an isoform of SAA—Saa?, a member of the family
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Figure 4. SFB Induce Th17 Cell Differentiation upon Colonization of Jackson C57BL/6 Mice
(A) Colonization of the terminal ileum by SFB 10 days after transfer of fecal homogenates from SFB-mono mice into Jackson B6 mice.
(B and C) IL-17 and IL-22 expression in TCRB*CD4* SiLPL in Jackson B6 mice colonized with SFB (Jax+SFB) compared to controls (Jax). Data from one of two

experiments. Error bars represent the SD.

(D and €) Jackson microbiota induces Th17 cells only when complemented with SFB. Germ-free IQl mice were colonized with SFB, Jackson microbiotaisolated
from fecal pellets by itself {Jax), or a mixture of both (Jax + SFB). Th17 cell proportions were analyzed in the LP 3 weeks later by flow cytometry. Plots in (D) are
gated on total lymphocytes. Data in (E) represent the percentage of IL-17* cells in the CD4* gate. Eror bars represent the SD.

(F) RT-PCR for Th17 cell effector cytokines in total RNA from terminal ileum of the mice in (E). Error bars represent the SD.

of acute-phase response proteins induced during infection,
tissue damage, or inflammatory disease (Uhlar and Whitehead,
1999). This transcript was also upregulated upon cohousing of
Jackson B6 mice with Taconic B6 animals (Figure 5C). Tran-
scripts for the other SAA isoforms, Saa2 and Saa3, were also
among the most highly upregulated genes upon colonization
with SFB or cohousing (Figure 5C).

Real-time PCR confirmed that all three SAA isoforms were
induced -in the terminal ileum of GF mice upon colonization
with SFB or SFB plus Jackson microbiota, but not by Jackson
microbiota alone (Figure 6A). Recent studies have demonstrated
that SAA may act as a cytokine that induces IL-8, TNFa, and
IL-18 in neutrophils and IL-23 in monocytes (Furlaneto and
Campa, 2000; He et al., 2006). We therefore investigated the
effect of SAA on Thi7 cell differentiation in vitro. Addition of
recombinant SAA to cocultures of naive CD4* T cells and LP
DCs induced a Th17 cell differentiation program in a concentra-
tion-dependent manner, including Th17 cell effector cytokines

and RORyt (Figure 6B). In addition, SAA induced production of
IL-17 in' CD4"* spienic OT-Il T cells cocultured with LP DCs
in vitro (Figure S9). Addition of SAA to cultures containing only
T cells, without DCs, did not induce Th17 cell” cytokines
(Figure 6B), and SAA induced production of IL-6 and IL-23 by
LP DCs in vitro (Figure S10). We conclude that SFB colonization
results in the production of SAA, which in turn acts on gut DCs to

stimulate a Th17 cell-inducing environment.

SFB Colonization Reduces Growth of an Intestinal
Pathogen

We next examined the effect of Th17 cell-inducing microbiota
and SFB on oral infection with Citrobacter rodentium, an intes-
tinal pathogen whose clearance by the host requires an immune
response dependent on 1L-23, IL-22, and Regllly (Mangan et al.,
2006; Torchinsky et al., 2009; Zheng et al., 2008). Jackson B6

‘mice that had been cohoused with Taconic B6 mice and hence

were colonized with SFB were significantly more resistant to

Cell 139, 485-498, October 30, 2009 ©2009 Eisevier Inc. 491
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Figure 5. Transcriptional Programs Induced by SFB Colonization

(A} Venn diagrams showing the overlap between genes affected by either SFB colonization of SW GF mice only {(group 2), introduction of Taconic microbiota into
Jackson B8 mice by cohousing (group 1), or both (group 3). Total RNA was prepared from terminal ileur of the corresponding mice after 10 days of colonization
and Affymetrix gene chip analysis was performed as described in the Experimental Procedures.

(B) Heat-map analysis of the three groups in (A). Each line represents a single Affymetrix probe and each column a single mouse. Green, probes that were at least
2-fold downregulated; red, probes that were at least 2-fold upregulated.

(C) Top upregulated genes in group 3 in (A) arranged by fold change in GF+SFB mice.

(D) Biological processes specifically induced by SFB (genes in group 3in A). Gene ontology analysis was performed as described in the Experimental Procedures.
{E) Changes in antimicrobial peptide related genes upon SFB colonization and Th17 cell induction by cohousing. Each column represents an individual mouse.
(F) RT-PCR analysis of selected genes, induced by SFB colonization. IQI GF mice (GF) were colonized with fecal homogenates from SFB-mono mice (SFB), Jack-
son B6 mice (Jackson), or a mixture of both (Jackson+SFB). Total RNA from terminal ileum was prepared 3 weeks later, and RT-PCR was performed as described
in the Experimental Procedures. Error bars represent the SD.

growth of C. rodentium than were noncohoused mice, as
demonstrated by recovery of infectious units from the wall of
the colon (Figure 7A).

To assess specifically the ability of SFB to provide protection,
we colonized GF 1Q! mice with Jackson microbiota with or
without SFB for 14 days. The mice were then infected orally
with C. rodentium and pathogen colonization and disease were
assessed at day 8 after infection. Although some infection and
disease were observed in both experimental groups, the pres-
ence of SFB in the gut prevented infiltration of the pathogen
into the colonic wall (Figure 7B). In addition, SFB colonization
ameliorated colonic inflammation as demonstrated by reduced

492 Cell 139, 485-498, October 30, 2009 ©2009 Elsevier Inc.

epithelial hyperplasia and colon shortening in its presence (Fig-
ures 7C, 7D, and S11, and data not shown). We thus conclude
that the presence of SFB as a component of the commensal
microbiota increases mucosal protection to infection with
C. rodentium.

DISCUSSION

Commensal Intestinal Bacteria and Regulation

of Th17 Cell Differentiation

Commensal intestinal bacteria influence multiple metabolic
and physiological functions of the host (Backhed et al., 2005;
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Figure 6. SFB Colonization Induces SAA Expression that Influences Th17 Differentiation

(A) Retative mRNA expression levels of SAA1-3 genes by real-time RT-PCR in the terminal ileum of IQI GF mice (GF) colonized with fecal homogenates from
SFB-mono mice (SFB), Jackson B6 mice (Jackson), or a mixture of both (Jackson+SFB).

(B) Splenic naive CD4* T cells were cocultured with or without LP CD11c™ cells in the presence of an anti-CD3 antibody with the indicated concentration of
recombinant Apo-SAA for 4 days. T cells were collected and restimulated with PMA and ionomycin, and real-time RT-PCR was performed. Results were normal-
ized to expression of GAPDH mRNA. The data are representative of four independent experiments with similar results.

« Error bars represent the SD.

Turnbaugh et al., 2006), but they also have profound effects on
the host immune system (Cash et al., 2006; Macpherson and
Harris, 2004). For example, most rodent colitis models are
dependent on the presence of microbiota (Elson et al., 2005; Sar-
tor, 2008), whose products can also influence systemic immune
responses (Mazmanian et al., 2005; Turnbaugh et al., 2006). The
effects of intestinal bacteria on the immune system are consid-
ered to be the result of stimulation of innate immune “pattern
recognition receptors,” but we are limited in our understanding
of how individual bacteria influence the type and location of
immune responses in gnotobiotic models or in the presence of
other commensal microorganisms (Kim et al., 2005; Macpherson
and Harris, 2004; Umesaki et al., 1999). A notable exception was
the recent demonstration that a polysaccharide product from the
commensal bacterium Bacteroides fragilis can specifically
induce systemic Th1 and mucosal regulatory T cell responses
and protect mice from pathogen-induced colitis (Mazmanian
et al., 2005, 2008).

We recently discovered that the homeostasis of effector
helper T cell populations in the gut is dependent on the compo-
sition of intestinal bacteria (lvanov et al., 2008). Th17 cell induc-
tion was not controlied simply by the presence of high numbers
of diverse bacterial species that activate major bacterial pattern-
recognition pathways. Thus, colonization of mice with several
defined bacterial species as well as with diverse microbiota
from Jackson Laboratory B6 mice did not induce Th17 cell differ-
entiation, in sharp contrast to the induction observed with
bacteria from Th17 celi-sufficient Taconic Farms B6 mice (lvanov
et al., 2008). The identity of microorganisms that induce Th17
cells and the signaling mechanisms involved had remained
important unresolved issues.

In this study, we have identified SFB as the first commensal
bacterium that can induce accumulation in the gut of CD4*
T cells with a defined effector function. Colonization with a
number of other species, including members of the SFB-related
Clostridiaceae family, failed to induce Th17 cells. Our results are
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Figure 7. SFB Colonization Confers Protection from Infection by Citrobacter rodentium

(A) Jackson B6 mice (Jax) were cohoused with Taconic B mice (Jax CoH) for 10 days to induce colonization with SFB and Th17 cells. Both groups were infected
with ~1 x 10° CFU C. rodentium/mouse, and pathogen colonization of the colon was examined at day 8 of infection (n = 9/group). Uninf, uninfected controls.
(B-D) IQI GF mice colonized with Jackson microbiota (Jax) or Jax+SFB were orally infected with 2 x 10° CFU C. rodentium, and colons were harvested at day 8 of
infection (n = 5/group). C. rodentium CFUs in proximal colon (B), histopathology (C), and crypt length (D) in the distal colon (H&E) are shown. Data represent
means + SD, and circles represent separate animals. Similar effects of SFB on C. rodentium colonization were observed in a separate experiment with C.B17

mice colonized with ASF with and without SFB.

most consistent with a mechanism that requires unique features
of a specific commensal species to trigger Th17 cell differentia-
tion and/or accumulation in the lamina propria. Pathways acti-
vated by common bacterial patterns and shared by large classes
of bacteria appear to be dispensable or redundant, as both
MyD88/TRIF double-deficient animals and RIP-2 mutant mice
still possessed mucosal Th17 cells (Atarashi et al., 2008; lvanov
et al., 2008) (Figure S12). We previously reported that adenosine
5'-triphosphate (ATP) derived from commensal bacteria led to
the differentiation of Th17 cells in the colonic LP (Atarashi
et al, 2008). However, the ATP concentrations in the ileal and
colonic luminal contents of SFB-mono mice were lower than
those in mice gavaged with SPF feces (data not shown). Thus,
SFB-mediated Th17 cell differentiation is likely to occur through
a mechanism independent of TLR, NOD, and ATP signaling.
SFB associate closely with epithelial cells in the terminal ileum.
This interaction was reflected in the host genes induced after
SFB colonization. Multiple epithelial cell-specific genes, as well
as inflammatory response host genes, were upregulated by the
bacteria. Among these were the three inducible or “acute-
phase” isoforms of SAA (A-SAA). SAA is highly induced during
both acute and chronic inflammation. A-SAA expression is
induced in hepatocytes in the liver and in macrophages and

494 Cell 139, 485-498, October 30, 2009 ©2009 Elsevier Inc.

other cells in extrahepatic sites, including the intestine, by bacte-
rial products and inflammatory cytokines, such as IL-6 and IL-1B
(Uhlar and Whitehead, 1999). In addition to its role in the acute-
phase response, SAA can induce I1L.-23 production by monocytes
at concentrations that are orders of magnitude lower than the
peak plasma concentration during an acute-phase response
(He et al., 2006). In accordance with this, SAA induced transient
production of IL-23 by LP DCs in vitro. We further demonstrated
that SAA can act on LP DCs in vitro to induce Th17 cell differen-
tiation, suggesting that an acute phase inflammation-like
response, including induction of A-SAAs, is responsible for the
SFB-mediated accumulation of Th17 cells in the intestine.
Although the signaling pathways induced by A-SAA are currently
unknown, it most likely acts on DCs and contributes to the estab-
lishment of a Th17 cell-inducing cytokine environment.

SFB and Th17 Cell-Mediated Protection

from Pathogenic Microorganisms

The identification of SFB as Th17 cell inducers in the intestine
may have important implications for a better understanding of
how components of the commensal microbiota contribute to
host protection from microbial pathogens. It is well known that
treatment with broad-spectrum antibiotics can result in
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outgrowth of intestinal pathogens, such as vancomycin-resis-
tant Enterococcus (VRE) or Clostridium difficile, resulting in
severe colitis. SFB colonization has been suggested to reduce
replication in rabbits of enteropathogenic Escherichia coli
(EPEC) and in rats of Salmonella enteritidis (Garland et al.,
1982; Heczko et al., 2000). In mice, Th17 cell effector cytokines,
such as IL-17 and IL-22, as well as IL-23, which is required for
Th17 cell function, have been proposed to play protective roles
in infections with Salmonella and Citrobacter rodentium (Curtis
and Way, 2009). We found that colonization with SFB reduced
the capacity of orally inoculated C. rodentium to grow and/or
invade colonic tissue. Although we cannot at this point formally
demonstrate that this protection is a direct result of Th17 cell
induction, our data, taken together with results of recent studies
(Kolls et al., 2008; Zheng et al., 2008}, strongly suggest that SFB-
induced Th17 cytokines, particularly IL-22, limit the growth of
C. rodentium, at least in part through production of AMP’s
such as Regllly. While IL-22, IL-23, and Regllly are required
for host survival after C. rodentium infection (Mangan et al.,
2006; Zheng et al.,, 2008), mice lacking SFB and Th17 cells
survive despite increased bacterial growth. This may be because
intestinal y3 T cells, CD4*CD3~ lymphoid tissue inducer (LTi)-like
cells, and NK22 cells that also produce Th17 cytokines are
present even in the absence of SFB and other microbiota. Contri-
bution of these cells to SFB-independent antimicrobial defense
may hence protect the host from lethal outgrowth of the patho-
genic bacteria.

Our results are also consistent with the report that a vancomy-
cin-sensitive component of the commensal microbiota induces
Reglily in the mouse small intestine, thus reducing colonization
by VRE and enhancing killing of the pathogen (Brand! et al,,
2008). Future studies will be required to determine whether van-
comycin-sensitive SFB enhance mucosal protection from path-
ogenic VRE and other bacteria through the upregulation of Th17
cells and antimicrobial peptides. Such studies will further test the
hypothesis that specific commensal microbiota, by regulating
the host immune system rather than by direct microbial compe-
tition, enhance protection from potentially harmful microbes.

Do SFB Influence Th17 Cell-Mediated Inflammatory
Disease?

Th17 cells are recognized to have significant roles in multiple
mouse models of autoimmune disease, and there is accumu-
lating evidence that they likewise contribute to human autoim-
mune disease pathogenesis (Hue et al., 2008; Langrish et al,,
2005; Murphy et al., 2003; Yen et al., 2006). Mice with almost
complete loss of Th17 cells due to the absence of RORyt are
resistant to experimental autoimmune encephalomyelitis and
colitis (lvanov et al., 2006; Leppkes et al., 2009). In humans, poly-
morphisms in the gene encoding the IL-23 receptor are associ-
ated with both increased resistance and susceptibility to Crohn’s
disease and inhibition of the Th17 cell differentiation pathway
has been reported to be an effective therapy for psoriasis (Duerr
et al., 2006; Krueger et al., 2007).

Although Th17 cells are.involved in multiple organ-specific
inflammatory diseases, they are not normally present in such
organs, and they are relatively scarce in secondary lymphoid
tissues. However, Th17 cells are abundant in the intestinal lamina

propria, and, as described in this study, their differentiation within
and/or migration to this lymphoid-rich site is dependent on
commensal microbes with specialized properties. There is
evidence that the course of certain autoimmune diseases in
humans and in animal models can be altered by treatment with
antibiotics and probiotics and by restricting the complexity of
the microbiota (O'Dell et al., 20086; Sartor, 2008). Indeed, in
rodents, differential arthritogenic potential of different commensal
microbiota components and dependence of spontaneous
arthritis models on “cleanliness” of housing conditions have been
reported {Severijnen et al., 1989; Simelyte et al., 2003). Moreover,

-K/BxN mice that have a genetic predisposition to spontaneous

arthritis (Monach et al., 2008) fail to develop disease when kept
in GF conditions, but do progress to arthritis when colonized
with SFB (H.J. Wu, L.LL, D.R.L., C. Benoist, and D. Mathis, unpub-
lished data). Ourresults thus raise the possibility that manipulation
of the number of SFB that colonize the terminal ileum may alter
the course of Th17 cell-associated autoimmune diseases.

1f Th17 cells involved in organ-specific autoimmunity originate
in the gut, then the question arises as to what is the antigenic
specificity of such cells. 1t is not yet known if Th17 cells in the
lamina propria are specific for intestinal microbiota. If they are
mostly reactive with microbial products, then it may be surprising
that similar numbers of Th17 cells are observed in mice mono-
colonized with SFB and in mice with a broad distribution of
microbiota. Th17 cells specific for bacterial products may consti-
tute a sufficiently broad repertoire to provide subsets that are
cross-reactive with self-antigen. Alternatively, intestinal Th17
cells may be broadly specific for self-antigen, rather than bacte-
rial products, but may normally be kept in check by mechanisms
of peripheral tolerance. Signals from bacteria such as SFB may
provide an adjuvant effect that polarizes such self-reactive T
helper cells toward the Th17 lineage without tissue damage
under the immune suppressive environment in the gut. Further
studies on the repertoire and antigen specificity of Th17 celis
and on the role of SFB in autoimmune disease models will be
necessary to resolve these issues.

SFB represent the first example of a specific component of the
commensal microbiota that induces a particular helper T cell
population in the lamina propria. The elucidation of additional
commensal bacteria involved in this or other immune pathways
and of the mechanisms employed will undoubtedly lead to
further understanding of the complex host-commensal interac-
tions that shape our immunity and will allow for tailored thera-
peutic manipulation of these processes.

EXPERIMENTAL PROCEDURES

Mice and Bacterial Strains

B6 mice were obtained from Taconic Farms or Jackson Laboratory. Swiss-
Webster germ-free and conventionally raised {SPF) mice were purchased
from Taconic Farms. Germ-free IQI mice were purchased from Japan CLEA
Inc. Mice monocolonized with SFB or 46 strains of Clostridia were developed

-previously (Itoh and Mitsuoka, 1985; Umesaki et al., 1995). For generation of

Bacteroides-associated mice, 16 strains of Bacteroides (six strains of B. vulga-
tus, seven of B. acidifaciens group 1, and three of B. acidifaciens group 2),
which were originally isolated from murine intestinal commensal bacteria
(Miyamoto and Itoh, 2000), were cultured on Eggerth-Gangon agar (Nissui)
in an anaerobic stainless steel jar and inoculated orally into germ-free {Ql mice.
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PhyloChip Analysis

Six-week-old Jackson B6 and Taconic B6 mice were purchased from the cor-
responding vendor and housed for 3 weeks in separate microisolator cages at
the NYUSOM animal facility to equilibrate housing conditions, including
bedding and diet. Sample collection, processing, and PhyloChip analysis
are described in detail in the Supplemental Data.

16S rRNA Gene Quantitative PCR Analysis

Bacterial genomic DNA was isolated from fecal pellets as described in the
Supplemental Data. Quantitative PCR analysis was carried out as described
in Barman ‘et al. {2008). Primer sequences for SFB and bacterial 16S rRNA
genes as well as PCR conditions were as described in Barman et al. {2008).
For SFB, relative quantity was calculated by the AGt method and normalized
by the presence of total bacteria (EUB primers), dilution, and weight of the
sample and presented as relative fold change to an external sample. Typical
Ct values for SFB were ~20 cycles and for EUB ~11 cycles. Samples that
were negative after 40 cycles were considered “not detected” (n.d.).

Gene Expression Analysis

RNA was prepared from terminal ileum as described (lvanov et al., 2008). For
microarray analysis, RNA was labeled and hybridized to GeneChip Mouse
Genome 430 2.0 arrays according to the Affymetrix protocols. Data were
analyzed in GeneSpring GX10. Significant genes were selected based on
p values smaller than 0.05 and fold change greater than 2. For enrichment
analysis of biological process ontology, probe lists were analyzed in DAVID
{Dennis et al., 2003; Huang da et al., 2009) and processes were selected based
on p values smaller than 0.01.

Real-Time RT-PCR

Complementary DNAs ([cDNAs) were synthesized from RNA samples prepared
with a RNeasy Mini Kit (QIAGEN) with M-MLV Reverse Transcriptase (Prom-
ega). Real-time RT-PCR was performed with the ABI 7300 reail-time PCR
system. Serial dilutions of a standard were included for each gene to generate
a standard curve and allow calculation of the input amount of cDNA for each
gene. Values were then normalized by the amount of GAPDH in each sample.
Primer sequences are reported in the Supplemental Data.

Cohousing and Microbiota Reconstitution

Cohousing and microbiota reconstitutions were performed as described
before (ivanov et al., 2008). For inoculation of germ-free mice with SFB, fecal
pellets were collected from SFB-mono mice using sterilized test tubes in the
vinyl-isolator and were preserved frozen under dry ice until immediately before
oral administration. SFB colonizations were performed by oral gavage with
300-400 i of suspension obtained by homogenizing the fecal pellets from
SFB-mono donor mice in water. Control mice were gavaged with water or
homogenates prepared from their own feces.

Cell Isolation and Flow Cytometry
Lamina propria lymphocyte (LPL) isolation and intracellular cytokine staining
were performed as described before (lvanov et al., 2008). Naive CD4* T cells
were purified from spleens using a CD4*CD62L" T cell isolation kit I {Miltenyi
Biotec; purity 95%). Anti-mouse RORy monoclonal antibody conjugated to
PE was purchased from eBioscience.

In Vitro T Cell Differentiation

Naive CD4* T cells were cultured in 24-well plates at 2 x 10° cells/well for
4 days with MACS-purified LP CD11¢* cells (1 x 10% well) and 1 pg/ml anti-
CD3 antibody (BD Biosciences) in the presence or absence of recombinant
human Apo-SAA (Peprotech). The cultured cells were harvested and restimu-
lated with PMA and ionomycin for 3 hr before analysis.

Electron Microscopy

Electron microscopy (EM) was performed on 0.5-1 cm pieces from terminal
ileum (immediately proximal to the ileal-cecal junction). Tissue processing
for EM is described in the Supplemental Data. The analysis was performed
with a Zeiss Supra 65 FESEM.
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C. rodentium Infection

1Ql mice were inoculated with 200 1l of a bacterial suspension (1-2 x 10° CFLU)
by way of oral gavage. For the colony formation assays, proximal colons and
mesenteric lymph nodes were harvested and homogenized, and serially
diluted homogenates were plated on MacConkey agar (Difco). For histological
analysis, distal colons were fixed with 4% paraformaldehyde and analyzed
after hematoxylin and eosin staining. For assessment of crypt depth, only
crypts visible along the entire length of the distal colon were analyzed
(20-30 crypts/mouse).

ACCESSION NUMBERS

The array results reported in this paper have been deposited in the GEO data-
base with the accession number GSE18348.
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Supplemental Data include Supplemental Experimental Procedures, 12
figures, and two tables and can be found with this article online at http//
www.cell.com/supplemental/S0032-8674(09)01248-3.

ACKNOWLEDGMENTS

We thank members of the Littman laboratory for valuable discussions, Takeshi
Egawa and Homer Boushey for their contribution to establishing the collabo-
rative study, and Junichi Nishimura for technical assistance. We also thank
Feng-Xia (Alice) Liang and Eric Roth from the New York Univeristy imaging
core facility for performing transmission electron microscopy and for preparing
samples for scanning electron microscopy. We also thank Jiri Zavadil and
Agnes Viale and the genomic core facilities of NYU and Memorial Sloan Ketter-
ring Cancer Center, respectively, for performing the array studies. We thank
the staff at the Yakult Central Institute for gnotobiotic handling of the mice.
The work was supported by Crohn's and Colitis Foundation of America (i..1.)
and Cancer Research Institute (N.M.) feliowships and by the Howard Hughes
Medical Institute (D.R.L.), the Helen and Martin Kimmel Center for Biology and
Medicine (D.R.L.), National Institutes of Health grant Al33856 {D.R.L), Grants-
in-Aid for Scientific Research from the Ministry of Education, Culture, Sports,
Science and Technology (K.H.), PRESTO, JST (K.H.), the Senri Life Science
Foundation, and the Naito Foundation (K.H.). Part of this work was performed
under the auspices of the United States Department of Energy by the Univer-
sity of California, Lawrence Berkeley National L.aboratory, under contract DE-
ACO02-05CH11231.

Received: May 26, 2009

Revised: September 2, 2009
Accepted: September 30, 2009
Published online: October 15, 2009

REFERENCES

Abbas, A.K., Murphy, K.M., and Sher, A. (1996). Functional diversity of helper T
lymphocytes. Nature 383, 787-793.

Atarashi, K., Nishimura, J., Shima, 7., Umesaki, Y., Yamamoto, M., Onoue, M.,
Yagita, H., Ishii, N., Evans, R., Honda, K., et al. (2008). ATP drives lamina prop-
ria T(H)17 cell differentiation. Nature 455, 808-812.

Aujla, S.J., Dubin, P.J., and Kolis, J.K. (2007). Th17 cells and mucosal host
defense. Semin. Immunol. 79, 377-382.

Backhed, F., Ley, R.E., Sonnenburg, J.L., Peterson, D.A,, and Gordon, J.1.
(20085). Host-bacterial mutualism in the human intestine. Science 307, 1815-
1920.

Barman, M., Unold, D., Shifley, K., Amir, E., Hung, K., Bos, N., and Salzman, N.
(2008). Enteric salmoneliosis disrupts the microbial ecology of the murine
gastrointestinal tract. Infect. immun. 76, 907-915.

Bettelli, E., Oukka, M., and Kuchroo, V.K. {2007). T(H}-17 cells in the circle of
immunity and autoimmunity. Nat. immunol. 8, 345-350.

— 447 —



Brand|, K., Plitas, G., Mihu, C.N., Ubeda, C., Jia, T., Fleisher, M., Schnabi, B.,
DeMatteo, R.P., and Pamer, E.G. (2008). Vancomycin-resistant enterococci
exploit antibiotic-induced innate immune deficits. Nature 455, 804-807.
Brodie, E.L., Desantis, T.Z., Joyner, D.C., Baek, S.M., Larsen, J.T., Andersen,
G.L., Hazen, T.C., Richardson, P.M., Herman, D.J., Tokunaga, T.K, et al.
(20086). Application of a high-density oligonucleotide microarray approach to
study bacterial population dynamics during uranium reduction and reoxida-
tion. Appi. Environ. Microbiol. 72, 6288-6298.

Cash, H.L., Whitham, C.V., Behrendt, C.L., and Hooper, L..V. (2006). Symbiotic
bacteria direct expression of an intestinal bactericidal lectin, Science 3173,
1126-1130.

Curtis, M.M., and Way, S.S. (2009). interleukin-17 in host defence against
bacterial, mycobacterial and fungal pathogens. Immunology 126, 177-185.
Davis, C.P., and Savage, D.C. (1974). Habitat, succession, attachment, and
morphology of segmented, filamentous microbes indigenous to the murine
gastrointestinal tract. Infect. iImmun. 70, 948-956.

Dennis, G., Jr., Sherman, B.T., Hosack, D.A,, Yang, J., Gao, W., Lane, H.C.,
and Lempicki, R.A. (2003). DAVID: Database for Annotation, Visualization,
and Integrated Discovery. Genome Biol. 4, 3.

DeSantis, T.Z., Brodie, E.L., Moberg, J.P., Zubieta, 1.X., Piceno, Y.M., and
Andersen, G.L. (2007). High-density universal 16S rRNA microarray analysis
reveals broader diversity than typical clone library when sampling the environ-
ment. Microb. Ecol. 53, 371-383.

Dewhirst, F.E., Chien, C.C., Paster, B.J., Ericson, R.L., Orcutt, R.P., Schauer,
D.B., and Fox, J.G. (1999). Phylogeny of the defined murine microbiota: altered
Schaedler flora. Appl. Environ. Microbiol. 65, 3287-3292.

Duerr, R.H., Taylor, K.D., Brant, S.R., Rioux, J.D., Silverberg, M.S., Daly, M.J.,
Steinhart, A.H., Abraham, C., Regueiro, M,, Griffiths, A., et al. (2008). A
genome-wide association study identifies IL23R as an inflammatory bowel
disease gene. Science 314, 1461-1463.

Eison, C.0., Cong, Y., McCracken, V.J., Dimmitt, R.A., Lorenz, R.G., and
Weaver, C.T. (2005). Experimental models of inflammatory bowel disease
reveal innate, adaptive, and regulatory mechanisms of host dialogue with
the microbiota. Immunol. Rev. 206, 260-276.

Fontenot, J.D., Gavin, M.A., and Rudensky, A.Y. (2003). Foxp3 programs the
development and function of CD4+CD25+ regulatory T cells. Nat. Immunol.
4,330-336.

Furlaneto, C.J., and Campa, A. (2000). A novel function of serum amyloid A:
a potent stimulus for the release of tumor necrosis factor-alpha, interleukin-
1beta, and interleukin-8 by human blood neutrophil. Biochem. Biophys. Res.
Commun. 268, 405-408.

Garland, C.D., Lee, A., and Dickson, M.R. (1882). Segmented filamentous
bacteria in the rodent small intestine: their colonization of growing animals
and possible role in host resistance to Sa/monella. Microb. Ecol. 8, 181~190.
Gavin, M., and Rudensky, A. (2003). Control of immune homeostasis by natu-
rally arising regulatory CD4+ T cells. Curr. Opin. immunol. 15, 690-696.
Glimcher, L.H., and Murphy, K.M. (2000). Lineage commitment in the immune
system: the T helper lymphocyte grows up. Genes Dev. 14, 1693-1711.

Hall, J.A., Bouladoux, N., Sun, C.M., Wohifert, E.A., Blank, R.B., Zhu, Q., Grigg,
M.E., Berzofsky, J.A., and Belkaid, Y. (2008). Commensal DNA limits regula-
tory T cell conversion and Is a natural adjuvant of intestinal immune responses.
immunity 29, 637-649.

He, R., Shepard, LW., Chen, J., Pan,Z.K., and Ye, R.D. (2006). Serum amyloid
A is an endogenous ligand that differentially induces IL-12 and IL-23. J. Immu-
nol. 177, 4072-4079.

Heczko, U., Abe, A., and Finlay, B.B. (2000). Segmented filamentous bacteria
prevent colonization of enteropathogenic Escherichia coli 0103 in rabbits.
J. Infect. Dis. 187, 1027-1033.

Hori, S., Nomura, T., and Sakaguchi, S. (2003). Control of regulatory T cell
development by the transcription factor Foxp3. Science 299, 1057-1061.
Huang da, W., Sherman, B.T., and Lempicki, RA (2009). Systematic and inte-
grative analysis of large gene lists using DAVID bicinformatics resources. Nat.
Protoc. 4, 44-57.

Hue, S., Ahern, P, Buonocore, S., Kullberg, M.C., Cua, D.J., McKenzie, B.S.,
Powrie, F., and Maloy, K.J. (2006). interleukin-23 drives innate and T cell-medi-
ated intestinal inflammation. J. Exp. Med. 203, 2473-2483.

Itoh, K., and Mitsuoka, T. (1985). Characterization of clostridia isolated from
faeces of limited flora mice and their effect on caecal size when associated
with germ-free mice. Lab. Anim. 79, 111-118.

vanov, |1, Frutos Rde, L., Manel, N,, Yoshinaga, K., Rifkin, D.B., Sartor, R.B.,,
Finlay, B.B., and Littman, D.R. (2008). Specific microbiota direct the differen-
tiation of IL-17-producing T-helper cells in the mucosa of the small intestine.
Cell Host Microbe 4, 337-3489.

Ivanov, LI, McKenzie, B.S., Zhou, L., Tadokoro, C.E., Lepelley, A., Lafaille,
JJ., Cua, DJ., and Littman, D.R. (2008). The orphan nuclear receptor
RORgammat directs the differentiation program of proinflammatory IL-17+
T helper cells. Cell 726, 1121-1133.

Khattri, R., Cox, T., Yasayko, S.A., and Ramsdell, F. (2003). An essential role
for Scurfin in CD4+CD25+ T regulatory cells. Nat. Immunol. 4, 337-342.

Kim, 8.C., Tonkonogy, S.L., Albright, C.A., Tsang, J., Balish, E.J., Braun, J.,
Huycke, M.M., and Sartor, R.B. (2005). Variable phenotypes of enterocolitis
in interleukin 10-deficient mice monoassociated with two different commensal
bacteria. Gastroenterology 128, 891-906.

Kiaasen, H.L., Koopman, J.P., Van den Brink, M.E., Bakker, M.H., Poeima,
F.G., and Beynen, A.C. (1993a). Intestinal, segmented, filamentous bacteria
in a wide range of vertebrate species. Lab. Anim. 27, 141-150.

Kiaasen, H.L., Van der Heijden, P.J., Stok, W., Poelma, F.G., Koopman, J.P.,
Van den Brink, M.E., Bakker, M.H., Eling, W.M., and Beynen, A.C. (1993b).
Apathogenic, intestinal, segmented, filamentous bacteria stimulate the
mucosal immune system of mice. Infect. Immun. 67, 303-306.

Kolls, J.K., McCray, P.B., Jr., and Chan, Y.R. {2008). Cytokine-mediated regu-
lation of antimicrobial proteins. Nat. Rev. Immunol. 8, 829-835.

Koopman, J.P., Stadhouders, A.M., Kennis, H.M., and De Boer, H. {1987). The
attachment of filamentous segmented micro-organisms to the distal leum wall
of the mouse: a scanning and transmission electron microscopy study. Lab.
Anim. 27, 48-52.

Krueger, G.G., Langley, R.G., Leonardi, C., Yeilding, N., Guzzo, C., Wang, Y.,
Dooley, LT., and Lebwohl, M. {2007). A human interleukin-12/23 monoclonal
antibody for the treatment of psoriasis. N. Engl. J. Med. 356, 580-592.
Langrish, C.L., Chen, Y., Blumenschein, W.M., Mattson, J., Basham, B.,
Sedgwick, J.D., McClanahan, T., Kastelein, R.A,, and Cua, D.J. (2005). IL-23
drives a pathogenic T cell population that induces autoimmune inflammation.
J. Exp. Med. 201, 233-240.

Leppkes, M., Becker, C., vanov, LI, Hirth, S., Wirtz, S., Neufert, C., Pouly, 8.,
Murphy, A.J., Valenzuela, D.M., Yancopoulos, G.D., et al. (2009). RORgamma-
expressing Th17 cells induce murine chronic intestinal inflammation via redun-
dant effects of IL-17A and IL-17F. Gastroenterology 136, 257-267.

Ley, R.E., Hamady, M., Lozupone, C., Tumbaugh, P.J., Ramey, R.R., Bircher,
J.S., Schiegel, M.L., Tucker, T.A., Schrenze!, M.D., Knight, R., et al. (2008).
Evolution of mammals and their gut microbes. Science 320, 1647-1651.
Macpherson, A.J., and Harris, N.L. (2004). Interactions between commensal
intestinal bacteria and the immune system. Nat. Rev. Immunol. 4, 478-485.
Mangan, P.R., Harrington, L.E., O’Quinn, D.B., Helms, W.S,, Bullard, D.C.,
Elson, C.0., Hatton, R.D., Wahi, S.M., Schoeb, T.R., and Weaver, CT.
(2006). Transforming growth factor-beta induces development of the T(H)17
lineage. Nature 447, 231-234.

Mazmanian, S.K., Liu, C.H., Tzianabos, A.O., and Kasper, D.L. (2005). An
immunomodulatory molecule of symbiotic bacteria directs maturation of the
host immune system. Cell 122, 107-118.

Mazmanian, S.K., Round, J.L., and Kasper, D.L. (2008). A microbial symbiosis
factor prevents intestinal inflammatory disease. Nature 453, 620-625.
Miyamoto, Y., and ltoh, K. {2000}. Bacteroides acidifaciens sp. nov,, isolated
from the caecum of mice. Int. J. Syst. Evol. Microbiol. 50, 145-148.

Monach, P.A., Mathis, D., and Benoist, C. (2008). The K/BxN arthritis model.
Curr. Protoc. Immunol. Chapter 15, Unit 16 22.

Cell 139, 485-498, October 30, 2009 ©2009 Elsevier Inc. 497

— 448 —



