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Figure 5. Distinct Gene Expression Profile in Small Intestinal T Cells from HMb Mice

(A) Microarray analysis comparing CD4* T cell gene expression in GF mice with that in HMb mice (left) and MMb mice (right) is demonstrated. CD4* T cells were
sorted from spleen (SPL), MLNs, and small intestinal LP. Data are mean values from three to five independent experiments. Numbers indicate genes showing
a >2-fold difference in expression between groups; red numbers indicate overexpression and blue numbers underexpression.

(B) Fold change versus fold-change analysis compares MMb mice with GF mice in terms of gene expression in CD4* T cells sorted from MLNs (y axis) and spleen
(x axis) (left). A heatmap (right) shows differentially expressed genes in CD4" T cells sorted from the MLN. Some genes (HspaTla, Socs3) were detected with
multiple probes. Genes with the highest and lowest transcript levels are red and blue, respectively. See also Figure S5A.

(C) Fold change versus fold-change analysis compares gene expression in CD4" T cells sorted from small intestinal LP of GF mice versus MMb mice (y axis) or

HMb mice (x axis).

(D) Heatmap shows differential cytokine expression in CD4* T cells from small intestinal LP. Data are from three independent experiments. See also Figures S5B-
S5F. *p < 0.05, MMDb versus GF; **p < 0.05, HMb versus GF; ***p < 0.05, HMb versus MMb.

Segmented Filamentous Bacteria Only Partially Expand
Mouse Intestinal T Cell Numbers

Strong induction of Ty17 cell-associated gene transcripts
in MMb mice led us to assess the presence of segmented
filamentous bacteria (SFB) in our mouse colony. SFB are
commensal gut bacteria found in mammals such as mice, rats,
and chickens (Snel et al., 1995) and are potent inducers of
Tw17 cells (Gaboriau-Routhiau et al., 2009; Ivanov et al., 2009).
Genome sequence analysis showed that SFB lack virulence-
related genes and may depend largely on the host for amino
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acids and essential nutrients (Prakash et al., 2011; Sczesnak
et al., 2011). In an SFB-specific gPCR assay for 16S rDNA
in multiple mammalian species, we found that all MMb mice
(and the MMb inoculum) carried SFB DNA. In contrast, all
HMb mice (and the HMb inoculum) were negative for SFB (Fig-
ure 6A). Although there is no DNA sequence-based evidence
for SFB in humans, these bacteria are members of the highly
host-specific phylum Firmicutes (Figures 1F and S1E), and other
Firmicutes may play a role in humans similar to that played by
SFB in mice.



Besides inducing Ty17 cells, SFB increase IEL numbers
(Umesaki et al., 1999). We tested whether SFB played a role
in expansion of IELs in our MMb colony. Although SFB-
monocolonized mice had extremely high SFB numbers (Fig-
ure 6A), their absolute afTCR IEL numbers were higher than
those in GF mice but significantly lower than those in MMb
mice—differences suggesting that SFB alone only partially
restored the a«fTCR IEL population (Figure 6B). SFB fully
expanded absolute numbers of CD8aa-aBTCR IELs—a unique
self-reactive population that requires exposure to self-agonists
for selection in the thymus (Leishman et al., 2002)—but only
partially expanded the CD8uB-aSTCR IELs, which is generated
mostly in secondary lymphoid organs and is primed against
nonself-antigens (Figures S6A-S6C). Likewise, in other sites
(e.g., PPs and LP), SFB monocolonization partially increased
CD4* and CD8* T cell numbers but did not fully restore T cell
numbers to levels in MMb mice (Figures 6B and S6D). To
examine whether the transfer of SFB or microbes from
MMb into HMb mice could fully rescue T cell numbers, we sepa-
rately cohoused HMb mice with either MMb mice or SFB-mono-
colonized mice. Despite comparable levels of SFB transfer into
the two groups (Figure S6E), HMb mice cohoused with MMb
mice had more T cells in the IEL compartment, PPs, and LP
than HMb mice cohoused with SFB-monocolonized mice
(Figures 6C, S6C, and S6D). In addition to SFB, other critical
mouse bacterial species may induce immune maturation in
mouse gut.

In PPs, SFB appear to play a more prominent role in expanding
CD4* T cells than CD8" T cells (Figure 6B). Inflammatory CD4*
RORgt" T cells as well as anti-inflammatory CD4*Foxp3*
T cells are critical in maintaining homeostasis in the gut (Hand
and Belkaid, 2010). In contrast to MMb, SFB monocolonization
only partially expanded CD4"RORgt* T cells (Figures 6D and
S6F) and failed to increase CD4*Foxp3* cell numbers in PPs
(Figure 6E). The increased percentage of CD4*Foxp3™ cells in
PPs of HMb and GF mice (Figure S6G) was due not to an
increase in absolute CD4*Foxp3* cell numbers but rather to
a prominent lack of CD4"RORgt* cells. The failure of SFB and
HMb to expand CD4*Foxp3* populations in PPs (Figure 6E)
suggests that mouse-specific bacterial species besides SFB
may induce Foxp3 expression.

Rats carry SFB similar in morphology and 16S rRNA sequence
to mouse-specific SFB (Klaasen et al., 1993; Snel et al., 1995). To
determine whether rat SFB can colonize mice, we sought rat SFB
in RMb mice. Fecal pellets from Sprague-Dawley rats that were
used to prepare the RMb inoculum were positive for SFB by
gPCR (Figure 6F). Using Gram'’s stain, we observed organisms
with long filamentous structures suggestive of SFB in Sprague-
Dawley rat fecal pellets (Figure 6G). However, SFB were not
detected in any samples from RMb mice—not even from the
parent generation—as soon as 3 days after gavage of the RMb
inoculum (Figure 6F).

We conclude that SFB in the mouse gut microbiota play a role
in expanding intestinal T cell numbers but do not act alone. We
found no sequence-based evidence for SFB in HMb inocula or
in our HMb mouse colony. When introduced as part of a complex
microbiota, rat SFB did not colonize mice. Therefore, SFB
exemplify a host-specific Firmicute lineage. These observations

support the hypothesis that the mammalian gut selects for host-
specific bacterial species, an effect that in turn strengthens the
intestinal immune system.

HMb Mice Are More Susceptible Than MMb Mice

to Salmonella Infection

An intact gut microbiota is critical for mucosal protection from
bacterial invasion and disease (Ferreira et al., 2011). Further-
more, a high total gut bacterial load alone is insufficient to
protect against infection; rather, certain bacterial species
correlate with protection (Croswell et al., 2009). Therefore, we
orally infected MMb and HMb mice with Salmonella enterica
serovar Typhimurium, a zoonotic and clinically relevant path-
ogen that can be acquired via contaminated food. MMb mice
had a significantly lower Salmonella load in feces and less
dissemination to the spleen. Interestingly, SFB-monocolonized
mice were colonized with high levels of Salmonella similar
to GF mice (Figures 7A and 7B). At 4 days after infection,
MMb mouse ceca appeared healthy on histology, whereas
ceca of HMb, SFB, and GF mice had severe gross pathological
changes characterized by thickening of the cecal wall, inflamma-
tion, and edema (Figure 7C). Our conclusion that a host-specific
microbiota is most effective in defense against an important
gastrointestinal disease further supports the hypothesis that
hosts may have coevolved with a beneficial host-specific
microbiota.

DISCUSSION

Host-Specific Bacteria Influence Intestinal Immune
Maturation

It was reported that short-term colonization of adult GF mice with
a human gut microbiota results in a low afTCR/yd3TCR ratio
among lELs (Imaoka et al., 2004). Another study documented
a predominance of downregulated transcripts in the ilea of
mice given human feces (Gaboriau-Routhiau et al., 2009).
However, these reports did not clarify whether such phenotypes
were due to stalled intestinal immune maturation, an aberrant
local effect, or failure to colonize at an early enough age. We
analyzed absolute T cell numbers in intestinal compartments
of mice naturally colonized with an HMb at birth. Technical
advances in high-throughput sequencing permitted deep
sampling of 16S rRNA genes and detailed comparison of MMb
and HMb after introduction into GF mice—analyses not feasible
in the two previous studies.

MMb and HMb mouse gut microbiotas are similar in relative
abundances of the major bacterial phyla but have substantial
differences at the OTU level, particularly among Firmicutes.
Colonization with HMb results in an immature adaptive and
innate intestinal immune system, most notably in the small
intestine. HMb mice have low numbers of intestinal T cells (partly
because of less T cell activation/proliferation) and DCs.
HMb mice intestine also displays low-level expression of
Regllly, IgA, and various chemokines (CCL20, CCL28, CXCL9)
(Figure S7; Table S3). The lack of difference between MMb and
HMb mice in large intestinal LP CD3* and «BTCR IEL numbers
suggests that the microbiota regulates the small and large
intestinal immune compartments via distinct mechanisms.
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Figure 6. SFB Play a Role in Rescuing Intestinal T Cell Numbers and Exhibit Host Specificity

(A) Abundance of SFB in MMb, HMb, and SFB-monocolonized mice, measured as SFB-specific 16S rDNA copy numbers by gPCR analysis of fecal pellets, is
shown. Inset values indicate number of SFB 16S rDNA copies/ml in inocula. ND, not detected.

(B and C) Absolute T cell numbers in IEL (CD3*CD103*TCRp*) and PP (CD3*CD4* and CD3*CD8*) compartments of MMb, SFB-monocolonized, and GF mice (B)
and HMb mice cohoused with MMb or SFB-monocolonized mice for 4 weeks (C) are presented. In (C), as a negative control, HMb mice were cohoused with HMb
mice. See also Figures S6A-S6E.
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Figure 7. MMb Confers Better Protection against Salmonella enterica Serovar Typhimurium Than HMb
(A-C) Mice colonized with different microbiotas were orally gavaged with ~1 x 107 salmonellae; the Salmonella load in fecal pellets was measured daily (A). Mice
were sacrificed on day 4 after infection, and the Salmonella load in the spleen was measured (B). Cecal sections were stained with hematoxylin and eosin, and

disease was scored (C). ***p < 0.001.

Mouse SFB (Firmicutes), but not rat SFB, established coloni-
zation in the mouse gut. Rat SFB may not have adhered effi-
ciently to mouse epithelium. In addition, there may exist
a host-specific microbial ecology that supports prolonged SFB

colonization, especially because SFB may function as an adju-
vant for the immunostimulatory functions of other resident gut
microbes (Chung and Kasper, 2010). The exclusive partnership
of SFB with the host is a proof of concept that the mammalian

(D and E) Number of CD3*CD4™ T cells in PPs expressing RORgt™ (D) and Foxp3* (E), as derived by intracellular staining and flow cytometry, is illustrated. See also

Figures S6F-S6G.

(F) Abundance of SFB in fecal samples from Sprague-Dawley rats and RMb-colonized mice, measured as SFB-specific 16S rDNA copy numbers by gPCR, is
shown. Fecal pellets from RMb parents were collected on postgavage days 3 (RMb P 3d) and 29 (RMb P 29d); those from RMb offspring were collected at

6 weeks of age (RMb F1 6w). ND, not detected.

(G) Gram-stained Sprague-Dawley rat fecal pellets resuspended in PBS are illustrated. Blue arrows indicate bacteria with long filamentous structures repre-

sentative of SFB.
*p < 0.05, ™p < 0.01, **p < 0.001. NS, not significant.
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gut selects for host-specific bacterial species that enhance host
immunity. SFB alone partially restored gut T cell numbers but
were not fully protective against Salmonella infection—results
suggesting that SFB are one but not the only MMb component
responsible for immune maturation and protection against
infection.

There is redundancy in the gut microbiota in facilitating certain
host metabolic functions; i.e., individual HMbs can vary at the
bacterial species level but nonetheless share functional genes
(Turnbaugh et al., 2009a). A study of GF zebrafish colonized
with a MMb showed that a foreign microbiota can partially
restore transcription of host genes involved in nutrient absorp-
tion and metabolism (Rawls et al., 2006). Despite such bacterial
species-level redundancy in stimulating host metabolic func-
tions, our HMb mouse studies demonstrate that the host intes-
tinal immunity maturation depends on a strict set of host-specific
bacterial species.

Mechanisms of Intestinal Inmune Maturation

We show that host-specific bacterial species induce expansion
of intestinal T cells by stimulating T cell activation/proliferation
in secondary gut lymphoid organs (PPs and MLNs), with conse-
quent effects on downstream T cell numbers in intestinal tissue
(IELs and LP) (Figure S7; Table S3). Many questions remain
about the causes of the differences in T cell proliferation.
Reduced numbers of DCs in the PPs and MLNs of HMb mice
may have caused lower T cell proliferation rates. The MMb, but
not the HMb, may induce a cytokine or chemokine milieu effec-
tive in activating and recruiting APCs to stimulate downstream
T cell proliferation.

We believe that the higher rate of T cell proliferation in
MMb mice is predominantly antigen driven. Although the
small intestinal epithelium is protected by mucus and antimicro-
bial peptides (Johansson and Hansson, 2011), certain host-
specific microbes may reside near the epithelium and induce
antigen uptake from the lumen by stimulating APCs or by
modulating the gut epithelial barrier. Compared to HMb, MMb
may be more efficient at penetrating the mouse mucus layer
or evading certain mouse antimicrobial peptides. Alternatively,
certain host-specific microbiotas may regulate epithelial sensi-
tivity in recognizing microbe-associated molecular patterns
(MAMPs) through pattern recognition receptors (Eberl and
Boneca, 2010). An understanding of these mutually nonexclusive
mechanisms potentially employed by the host microbiota could
guide efforts to modulate gut immunity in order to improve host
health.

The Gut Microbiota, Host Health, and Evolution

HMb mice are more susceptible to Salmonella infection than
MMb mice. Because adaptive immunity (T cells) and innate
immunity (antimicrobial peptides, DCs) are both critical for
defense against Salmonella infection (Salazar-Gonzalez et al.,
2006; Vaishnava et al., 2008), the absence of an intact immune
system in HMb mice likely played a role in susceptibility to
Salmonella infection. In addition, MMb might have been more
effective than HMb in physically inhibiting enteropathogen
adherence (Heczko et al., 2000). Infectious disease epidemics
are among the most powerful selective forces acting on hosts
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and microbes. We speculate that, throughout evolution, hosts
coexisting with bacteria that were well adapted to the host gut
environment and capable of enhancing host health survived
particular epidemics. Selection against hosts lacking such
bacterial species may have promoted the survival and enrich-
ment of beneficial host-specific bacteria.

The Human Microbiome

Metagenomic analysis of the gut microbiota of 124 Europeans
suggested that humans share many bacterial species (Qin
et al., 2010). Widely shared human-specific bacterial species
may not predominate in the gut microbiota, and their prevalence
may vary substantially with the individual and perhaps with age.
Nonetheless, these microorganisms may be potent stimulators
of host immunity. Surveys for SFB-like microbes residing
closer to the gut epithelium or for Alcaligenes species within
PPs (Obata et al., 2010) may help identify immunomodulatory
human microbes.

HMb-colonized mice have been proposed as a useful tool to
study human metabolism and disease (Turnbaugh et al.,
2009b). Some, but not all, human microbes may be immunosti-
mulatory in a GF mouse monocolonization model. Amplification
of one specific microbe may enhance the likelihood of observing
a function of that microbe, which otherwise would exert no
observable function in a mouse colonized with a complex
HMb. For example, the immunomodulatory effects of the human
microbe Bacteroides fragilis, which cannot readily colonize the
conventionally colonized mouse intestine, were first reported in
B. fragilis-monocolonized mice (Mazmanian et al., 2005). There-
fore, such GF mouse monocolonization models should be taken
into consideration in defining the function of widely shared
human microbes.

Revisiting the Hygiene Hypothesis

The revised hygiene hypothesis proposes that exposure to
immunomodulatory gut commensals can provide protection
from autoimmune diseases (Wills-Karp et al., 2001). Our immu-
nologic analysis of mice colonized with human gut bacteria
suggests that exposure to just any gut commensal microbe or
its MAMPs (e.g., lipopolysaccharide, cell wall components) is
insufficient to induce intestinal immune maturation. Our study
rather suggests that only certain host-specific commensals
give rise to a mature intestinal immune system. Because the
intestinal microbiota can regulate immune responses outside
the gut (Wen et al., 2008; Wu et al., 2010), the absence of the
“right” gut microbes may conceivably shift the balance toward
disease in individuals genetically predisposed to autoimmune
diseases.

Heavy processing of food, frequent treatment with antibiotics,
and advances in hygiene in industrialized countries may have
reduced the stability and transfer of host microbes promoting
health. Furthermore, because advances in medicine and tech-
nology provide alternative ways to fight disease, humans
may be becoming less dependent on their coevolved gut
microbiota for health and survival. The current prevalence of
autoimmune diseases may be, at least in part, the consequence
of increasing vulnerability of the coevolved human-microbe
relationship.



EXPERIMENTAL PROCEDURES

Mice and Colonization

SPF and GF SW mice (Taconic Farms) and Sprague-Dawley rats (Harlan) were
used. Cecal/fecal contents from ten SPF SW mice served as the MMb inoc-
ulum, fresh human feces from two healthy Caucasian adults (one male, one
female) as the HMb inoculum, and fecal pellets from four Sprague-Dawley
rats as the RMb inoculum. The human donors had not taken antibiotics for
1 year. Fecal contents were diluted (107") in prereduced peptone yeast
glucose, snap frozen in liquid nitrogen, and stored at —80°C. SW GF mice
(3—4 weeks old) received inocula by oral gavage and were then placed in sterile
vinyl isolators. Mice were bred in the isolators to obtain offspring and were
maintained on an autoclaved NIH-31M rodent diet (Taconic Farms). All proce-
dures with animals were performed according to HMS Office for Research
Subject Protection guidelines. Human samples were collected according to
Partners Human Research Committee guidelines.

Microbiota Analysis

16S rDNA was amplified from fecal pellets and inoculum samples and sub-
jected to GS-FLX titanium multiplex pyrosequencing (Roche). Reads were
filtered and quality trimmed. Phylogenetic assignments were made by clus-
tering reads against a high-quality seed library with Uclust. UniFrac distances
were calculated and principal coordinates analyses performed with QIIME
software. See Extended Experimental Procedures for detailed analysis and
references.

Cell Isolation and Flow Cytometry

PPs were excised from the small intestine, and the remaining tissue was
incubated with 1 mM DTT/1 mM EDTA/3% FBS/PBS (30 min, 37°C) for IEL
extraction. Residual intestinal tissue was digested in 5% FBS RPMI with
0.15% collagenase Il (275 U/mg)/0.05% dispase (1.1 U/mg) (Invitrogen) for
1 hrat37°C. I[ELs and LP cells were filtered to minimize mucus contamination.
Single-cell suspensions of MLNs, PPs, spleen, and peripheral lymph nodes
were prepared by mashing in a cell strainer (70 um). Cells were stained with
fluorophore-conjugated mouse antibodies, and flow cytometry was performed
with Fluorospheres/FLOW-COUNT (Beckman Coulter) beads.

Microarray Analysis

CD4+ T cells were isolated from spleen, MLNs, and small intestinal LP of 10- to
14-week-old mice (Feuerer et al., 2010). See also Extended Experimental
Procedures.

Salmonella Infections

S. enterica serovar Typhimurium strain SL1344 was grown at 37°C in Luria-
Bertani (LB)/streptomycin (200 pg/ml). Mice (8-10 weeks old) were orally
gavaged with ~5 x 107 cfu. Fecal samples and spleens were homogenized
in PBS and plated on LB/streptomycin (200 ng/ml) agar. Ceca were fixed in
Bouin’s solution and stained with hematoxylin and eosin. Slides were scored
for inflammation, ulceration, and edema as follows: 0, no disease; 1, mild; 2,
moderate; 3, severe; 4, very severe.

Statistical Analysis

All p values were calculated by unpaired/two-tailed t test. In dot plots, each
data point represents an individual mouse, and horizontal bars indicate the
means.

ACCESSION NUMBERS

The 16S rDNA sequences have been deposited at GenBank under accession
number SRA052958.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures,
seven figures, and four tables and can be found with this article online at
doi:10.1016/j.cell.2012.04.037.
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