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This study examined bacteria-immune interactions in a mouse model possessing microbiota-dependent
immune regulatory features similar to those occurring in human atopy, colitis, and immune regulation.
Associations between the abundance of several bacterial phylotypes and immunoregulatory target cell types
were identified, suggesting that they may play a role in these phenotypes.

Bacteria are involved in critical aspects of immune system
development and regulation (5, 23, 26, 29). Mice raised under
germfree conditions exhibit a variety of abnormalities, includ-
ing hypoplastic Peyer’s patches, reduced numbers of IgA-pro-
ducing cells, relatively unstructured spleen and lymph nodes,
and hypogammaglobulinemic serum (23). Remarkably, after
several weeks of exposure to standard intestinal microbiota,
normal immune structure and function are restored. Mecha-
nistic details underlying microbe-immune interactions have
been recently elucidated for two common intestinal bacteria.
Bacteroides thetaiotaomicron was shown to induce the angioge-
nin Ang4, a component of innate immunity possessing micro-
bicidal activity against a wide range of intestinal microbes,
including both bacterial and fungal pathogens (16). In addi-
tion, studies of the Bacteroides fragilis zwitterionic capsular
polysaccharide A have established it as a cognate antigen of
certain CD4� T cells, which programs immune effector polar-
ization (24) and protection of mice from infection by Helicobacter
hepaticus through several immune-mediated mechanisms (25).
Resident microbiota also modify the interaction of dendritic cells
with regulatory T-cell populations, with resultant susceptibility to
chronic inflammatory disease, like colitis (15, 28).

Recent work by Braun and colleagues has characterized a
mouse model with unique immunologic features linking resi-
dent microbiota with levels of regulatory CD8� T cells (13, 17,
39). This model is comprised of two physically isolated colonies
of isogenic mice harboring distinct microbial communities:
conventional floras (CF) and restricted floras (RF). CF refers
to C57BL/6 mice housed in a standard specific-pathogen-free
facility, while RF refers to C57BL/6 mice containing a different

complement of intestinal microorganisms (13, 30), originally
created by transferring several nonpathogenic anaerobic bac-
teria into antibiotic-treated mice (13). RF mice differ from CF
mice in several immunologic phenotypes, including selective
reduction of marginal zone (MZ) B cells (39), plasmacytoid
dendritic cells (pDC) (13), and invariant natural killer (iNK) T
cells (38a), as well as naïve CD4� and CD8� T cells (17). In
addition, RF mice were shown to be resistant to colitis under
genetic or adoptive transfer conditions that permit disease
activity in CF mice (2). RF mice also cleared experimental
infections by Campylobacter jejuni more slowly than did their
CF counterparts (6). The resulting concept is that certain res-
ident microbiota, which may be more abundant in RF mice
than in CF mice, induce invariant Qa-1 T cells, with resultant
changes in host immunoregulation and microbial surveillance (2).

An important issue raised by the foregoing observations is
the identity of resident microbiota responsible for this host
immunoregulatory response. The objective of this study was to
develop a methodology, based on bacteria-immune interac-
tions in the RF/CF mouse model, to identify candidate micro-
biota. In this study, we employed a series of experiments
examining associations between the population densities of
bacterial rRNA genes and several immunologic features that
differ between CF and RF mice.

Mouse analyses. These experiments utilized a mouse model
comprised of two physically isolated colonies of isogenic
C57BL/6 mice harboring distinct microbial communities: CF
and RF. A detailed description of this model can be found in
the report by Fujiwara et al. (13). A former name for RF mice
was LF (limited flora) (6). A former name for CF mice was
SPF (specific pathogen free) (2, 13, 17, 39). All animals were
housed under specific-pathogen-free conditions and were
monitored by serology or culture for the absence of a panel of
viral, fungal, and bacterial pathogenic taxa, including Helico-
bacter spp. The animal procedures were carried out in accor-
dance with the animal research protocols approved by the
UCLA institutional animal research committee.

CD8� T-cell populations were reduced or abolished in two
types of experiments. Purified anti-NK1.1 (PK136) and anti-
CD8-� (341) antibodies (from BD Biosciences, San Diego,
CA) containing no preservative were administered intrave-
nously (i.v.) into RF mice at 100 �g/mouse. Mice in control
groups were injected with isotype control antibodies. Injection
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was repeated twice per week. The mice were sacrificed 1 week
after the final injection. CD8��/� (14), and Prf1�/� mice (37)
with the C57BL/6 background were bred to contain restricted
microflora by raising cesarean section-delivered pups with RF
foster mothers as recently described (13).

Luminal compartment samples were collected by obtaining
5- to 10-cm segments of the small intestine or colon, moving
the luminal contents to one end of the intestinal segment with
a forceps, and placing 2- to 3-cm segments of the tissues con-
taining the condensed luminal contents in a FastDNA lysis
tube containing 1 ml of cell lysis solution for yeast (CLS-Y)
buffer from a FastDNA Spin kit (MP Biomedicals, Solon, OH)
and immediately frozen at �70°C for future DNA extraction.
Mucosal compartment samples were collected from small in-
testine and colon samples by using a previously described pro-
cedure to harvest intraepithelial lymphocytes (IEL) (38), ex-
cept that 200 �l of the IEL preparations were removed prior to
Percoll fractionation and placed in FastDNA lysis tubes con-
taining 1 ml CLS-Y buffer from a FastDNA Spin kit (MP
Biomedicals) and immediately frozen at �70°C for future
DNA extraction.

Fluorochrome-antibody conjugates reactive to mouse B220,
CD3ε, CD21, IgD, and T-cell receptor � (TCR�) were pur-
chased from BD Biosciences (San Diego, CA). Mouse CD1d
tetramers loaded with PBS-57 were obtained from the NIH
Tetramer Core Facility at the Emory Vaccine Center at Yerkes
(Atlanta, GA). Enumeration of iNK T cells from hepatic lym-
phocytes was performed as previously described (19), using
multiparameter staining for CD1d tetramers, anti-CD3ε, and
anti-TCR�. Enumeration of MZ B cells from splenic lympho-
cytes was performed as previously described (39), based on a
B220� CD21� IgD� phenotype. Data were collected on a
FACSCalibur flow cytometer (BD Biosciences) and analyzed
using CellQuest software.

Bacterial analyses. DNA was extracted from luminal and
mucosal compartment samples by using the FastDNA Spin kit
(MP Biomedicals) as described by the manufacturer, using the
CLS-Y buffer and a 40-s bead-beading step with a FastPrep
instrument setting of 6. DNA was further purified and size
fractionated by electrophoresis in 1% agarose gels. DNA
larger than 3 kb was excised without exposure to UV or
ethidium bromide and recovered using the QIAquick gel ex-
traction kit (Qiagen, Valencia, CA) following the manufacturer’s
instructions, except that the gel pieces were not exposed to
heat.

Bacterial 16S-23S rRNA intergenic fragments were ampli-
fied in 25-�l PCR mixtures with the following final concentra-
tions or amounts: 1 �l of luminal or mucosal DNA, 0.04 �M
forward primer (1406F, TGYACACACCGCCCGT) (20), 0.4
�M reverse primer (23SR, GGGTTBCCCCATTCRG), and
12.5 �l Taq 2� master mix (New England Biolabs, Ipswich,
MA) (3). All reagents were combined and heated at 94°C for
5 min. Thirty-five cycles of PCR were then performed at 94°C
for 20 s, 52°C for 30 s, and 72°C for 45 s, and 72°C for 5 min.
PCRs were performed in an MJ Research PTC-200 thermal
cycler. The PCR products were resolved by electrophoresis on
2% agarose gels, stained with ethidium bromide, and photo-
graphed under UV light.

Nucleotide sequences of selected bacterial 16S-23S rRNA
intergenic fragments were determined using the ABI BigDye

Terminator v3.1 cycle sequencing kit and an ABI 3730xl DNA
analyzer (Applied Biosystems, Foster City, CA). Sequence
identities were determined using BLAST (NCBI) (1). Some of
the ribosomal intergenic spacer analysis (RISA) bands con-
tained several distinct nucleotide sequences and were not ex-
amined further in this study.

Seven bacterial phylotypes were enumerated using se-
quence-selective quantitative PCR (qPCR). Real-time qPCR
assays were performed using a Bio-Rad iCycler MyiQ real-
time detection system (Bio-Rad Laboratories Inc., Hercules,
CA) and SYBR green detection with iCycler iQ PCR plates
and optical flat eight-cap strips (Bio-Rad Laboratories Inc).
Twenty-five-microliter reaction mixtures contained the follow-
ing reagents: 50 mM Tris (pH 8.3), 500 �g/ml bovine serum
albumin (BSA), 2.5 mM MgCl2, 250 �M each deoxynucleoside
triphosphate (dNTP), 400 nM each primer, 1 �l of template
DNA, 2 �l of 10� SYBR green I (Invitrogen, Carlsbad, CA),
and 1.25 U Taq DNA polymerase. The primers, amplicon sizes,
and other information on the phylotypes can be found in Table
S1 in the supplemental material. Sequence-selective primers
were designed either by (i) locating DNA sequences that were
conserved among the rRNA gene sequences within each phy-
lotype and which had few, if any, identical matches to rRNA
gene sequences from unrelated taxonomic groups or by (ii)
using the recently developed PRISE software (12). The ther-
mal cycling conditions were 94°C for 5 min; 36 to 38 cycles of
94°C for 20 s, X°C for 30 s, and 72°C for 30 s; and 72°C for 10
min, where X � 65.3°C for Lactobacillus 456, 63.7°C for Clos-
tridium 2041 and Barnesiella 116, 65.9°C for Akkermansia 671,
63.3°C for Enterobacter 144, 60.7°C for Turicibacter 458, and
61.9°C for Bacteroides 110. At each cycle, accumulation of PCR
product was measured by monitoring the increase in fluores-
cence of the double-stranded DNA-binding SYBR green dye.
rRNA gene levels in the sample DNA were quantified by
interpolation from a standard curve comprised of a dilution
series of cloned rRNA genes. To increase the likelihood that
the real-time signals were produced by amplification of the
target sequences, for each sequence-selective PCR assay, frag-
ments were cloned into pGEM-T (Promega, Madison, WI)
and the nucleotide sequences of two clones were determined;
these experiments confirmed that the target sequences were
being amplified (data not shown).

Associations between the bacterial rRNA gene quantities
and lymphocyte levels were examined using correlation analy-
ses (Minitab 15; State College, PA). Comparisons of the bac-
terial rRNA gene quantities from the CD8� T-cell experi-
ments were performed using two-tailed Student’s t tests (Excel;
Microsoft, Redmond, WA).

Experimental strategy. The long-term objective of this re-
search is to understand the roles that microorganisms play in
the differing immunologic phenotypes expressed by CF and RF
mice. Toward this end, we (i) identified bacterial phylotypes
whose population densities were different in CF and RF mice,
(ii) examined the relationships between the population densi-
ties of these phylotypes and the abundance of target immune
cell types (MZ B and iNK T cells) in CF and RF mice, and (iii)
investigated the relationships between the phylotype popula-
tion densities in RF mice and RF mice with reduced or abol-
ished CD8� T-cell populations.
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Comparison of intestinal bacteria in CF and RF mice. Ri-
bosomal intergenic spacer analyses were used to examine the
bacterial communities in CF and RF mice (Fig. 1). These
analyses showed that there were distinct differences in bacte-
rial composition between CF and RF mice. Most of these
differences were found in the mucosal compartments, which
were examined by collecting and analyzing the intestinal cells
that were released by dithiothreitol treatments of small intes-
tine and colonic tissues. These analyses also showed that within
each mouse type, there were differences in bacterial composi-
tion between the small intestine and colon as well as between
the luminal and mucosal compartments.

Gel bands exhibiting different intensities between CF and
RF mice in these rRNA gene analyses, as well as others, were
excised, cloned, and sequenced. Phylotypes were given desig-
nations based on their closest cultured relative (see Table S1 in
the supplemental material). For each of the phylotypes, se-
quence-selective qPCR assays were developed to enable their
enumeration in subsequent experiments.

Associations between bacterial phylotypes and MZ B or iNK
T cells. As a first step in examining the interactions between
bacteria and the immunologic features in these mice, we mea-
sured the population densities of the bacterial phylotypes and
the amounts of MZ B and iNK T cells in CF and RF mice.
Phylotypes were enumerated in the luminal and mucosal com-
partments of the small intestine and colon. Immune cells were
enumerated in spleen and liver tissues. Associations between
the amounts of the phylotypes and immune cells in CF and RF
mice are depicted in a heat map (colored portions of Fig. 2).
Such associations could indicate bacterial populations that are
driving, or being altered by, the immunologic features of these
mice.

In a very simple scenario, where one type of bacteria from a
single location is causing the immunologic differences between
RF and CF mice, one would expect to find significant associ-
ations between this organism and all of the immune cell types
that are divergent in these mice. Intriguingly, an examination

of the heat map (Fig. 2) shows only one phylotype-location
combination that fits this criterion: Turicibacter 458 from the
mucosal compartment of the colon (four immune cell types
consistently divergent in RF and CF mice were measured in
the experiments represented in Fig. 2). Two other phylotype-
location combinations come close to fitting this model, as they
exhibited significant associations (P � 0.05) for three immune
cell types and relatively high probability values for the fourth—

FIG. 1. Bacterial community profiles of various intestinal regions
and compartments from CF and RF mice. Profiles were obtained by
RISA. For each mouse type-intestinal region combination, bacterial
communities from two different mice are shown. Arrow indicates a
1-kb DNA ladder (Invitrogen) (top band � 1,018 bp; bottom band �
298 bp). Sm, small.

FIG. 2. Associations between the amounts of the bacterial phylo-
types and MZ B and iNK T cells in CF and RF mice. Phylotypes were
measured in several intestinal regions and compartments by using
sequence-selective qPCR assays (see Table S1 in the supplemental
material for more information on the phylotypes). Lymphocytes were
measured by flow cytometry (a � %MZ B cells [CD21 � IgMhi] in
spleen, b � %MZ B cells [CD21 � IgD] in spleen, c � NK1.1 � % in
liver, and d � CD1d tetramer � % in liver). Phylotypes whose abun-
dance correlated (P � 0.05) with lymphocyte levels are shown as
colored blocks. The strengths of the trends (Pearson’s correlation
coefficients) are depicted by the brightness of the colors (see scale bar).
n � 8 for the luminal and mucosal compartments of the small intestine
and the luminal compartment of the colon, and n � 4 for the mucosal
compartment of the colon. The right side of the figure shows phylo-
types that increased (black and white checkered boxes) in RF mice
treated with CD8 and NK1.1 antibodies (RF-CD8-A) or RF mice with
a CD8� T-cell knockout (RF-CD8-KO) compared to RF mice; these
results are from the experiments depicted in Fig. 3 and are presented
here to facilitate interpretation of all three sets of experiments.

938 PRESLEY ET AL. APPL. ENVIRON. MICROBIOL.



Barnesiella 116 from the luminal compartment of the colon
(P � 0.172) and Lactobacillus 456 from the mucosal compart-
ment of the colon (P � 0.115). If the interactions between the
bacteria and the immunologic features involve more than one
bacterium, then this heat map could be interpreted to show
several bacteria putatively involved in these immunologic fea-
tures. Note that these association experiments are only the first
in a series of investigations endeavoring to understand the
bacteria-immune interactions in this mouse model and that
subsequent experimentation will be needed to assess causality
and elucidate mechanistic interactions. In the following, we
describe how bacteria could be influencing the immunologic
differences between CF and RF mice.

How bacteria could influence MZ B and iNK T cells in CF
and RF mice. The principal immunologic feature that differs
between the two mouse types involves CD8� T cells. RF mice
have reduced populations of iNK T and MZ B cells and pDC,
all of which appear to be caused by cytolytic CD8� T cells (13,
39; Wei et al., submitted). Conversely, in CF mice, relatively
low levels of CD8� T cells are associated with higher levels of
MZ B and iNK T cells.

In a very nonspecific model, bacteria could influence these
immunologic features in four general different ways. In RF
mice, high levels (or high activity) of a specific bacterium could
facilitate the killing of MZ B and iNK T cells through some
positive regulating mechanism. Conversely, low levels (or low
activity) of a specific bacterium could facilitate the killing
through some negative regulating mechanism. For the CF
mice, one could envision similar but opposite scenarios.

In a more specific model, which is consistent with the our
current knowledge of RF mice (13, 39; Wei et al., submitted),
the immunologic changes observed in RF mice could be caused
by bacteria infecting MZ B and iNK T cells (see Figure S1A in
the supplemental material). Here, CD8� T cells would be
reducing MZ B- and iNK T-cell populations via a cytolytic
mode of action that involves targeting the infected bacterial
cells in a major histocompatibility complex class I (MHC-I)
antigen-specific manner.

To further investigate the bacteria-immune system interac-
tions in this mouse model, we performed two types of experi-
ments that measured the population densities of the bacterial
phylotypes in both standard RF mice and RF mice with re-
duced or abolished CD8� T-cell populations. The purpose of
these experiments was to narrow down the list of bacteria that
may be involved in these interactions—the organisms consis-
tently exhibiting associations with the phenotypes being the
ones most likely to be involved in the interactions. The first
experiment utilized antibodies to deplete CD8� T cells in RF
mice, while the second employed CD8� knockout mice. In
both experiments, when the number of CD8� T cells was
reduced or abolished, significant increases in bacterial popu-
lation densities were detected in six phylotype-location combi-
nations (Fig. 3; see also the checkered black and white boxes
on the right side of Fig. 2). In the antibody experiment, Bar-
nesiella 116, Clostridium 2041, and Turicibacter 458 exhibited
increases in their population densities in the treated animals.
In the knockout mice, the population of Turicibacter 458 in-
creased in three of the four intestinal compartments while that
of Bacteroides 110 increased in the mucosal compartment of
the small intestine. When these results are combined with

those presented in the heat map (Fig. 2), the number of phy-
lotype-location combinations exhibiting an association with
both an immune cell type and one of the CD8 treatments is
reduced to only four—Bacteroides 110 and Turicibacter 458 in
the small intestine and Barnesiella 116 and Turicibacter 458 in
the colon—all of which were located in the mucosal compart-
ments of these tissues.

In the context of the MHC-I antigenic targeting model, if a
specific bacterium was infecting MZ B and iNK T cells and its
presence was leading to antigenic targeting by CD8� T cells,
then reducing or removing the population of CD8� T cells
should lead to increases in the population densities of the MZ
B cells and iNK T cells as well as the infecting bacterium (see

FIG. 3. Bacterial phylotypes whose population densities changed
after reducing or abolishing CD8� T-cell populations in RF mice. Left
column, CD8-NK1.1 antibody-treated RF mice (RF-CD8-A) com-
pared to RF mice (P � 0.05). Right column, RF mice containing a
CD8 knockout (RF-CD8-KO) compared to RF mice (P � 0.05). Phy-
lotypes were measured by sequence-selective qPCR. n � 4 to 6 for
RF-CD8-A mice and 2 to 4 for RF mice and RF-CD8-KO mice.
Columns show means and standard errors.
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Figure S1B in the supplemental material). As described above,
several phylotype-location combinations are consistent with
these criteria and therefore the antigenic targeting model (Fig.
3; see also the checkered black and white boxes on the right
side of Fig. 2). However, one unexplained factor remains,
which is that all of the phylotypes examined in this study
inhabit both CF and RF mice. Thus, if the infected immune
cells are being antigenically targeted by CD8� T cells, why is
this occurring to a much greater extent in RF mice?

There are several ways to explain this apparent inconsis-
tency. Though the immunological differences in the CF and RF
mice likely involve differences in microbial populations, it is
possible that none of the bacteria examined in this study are
the ones causing the differences. It is also possible that multiple
organisms and mechanisms are contributing to this process.
For example, one organism may be involved in triggering the
antigenic targeting of MZ B and iNK T cells, while another
may be involved in either activating CD8� T cells or causing a
selective uptake of the antigenically targeted bacteria into MZ
B and iNK T cells. A third explanation is that bacteria pos-
sessing identical rRNA genes but different physiological prop-
erties (18) are present in our mice and are confounding the
results. For example, a relative of Turicibacter 458, Erysipelo-
thrix rhusiopathiae, can undergo morphological changes result-
ing in variations in its virulence and antigenic properties (8).

Another issue that remains unresolved is which, if any, of the
bacteria have the ability to infect MZ B and iNK T cells—a
feature that is important for the MHC-I antigenic targeting
model. The phylotype that best fits this criterion is Turicibacter
458, as this bacterium is in the same family as E. rhusiopathiae
(22), which can infect chondrocytes and hepatocytes (11, 35) as
well as survive in macrophages (31, 33) and polymorphonu-
clear leukocytes (34). To date, there are very few reports de-
scribing Turicibacter species and their potential interactions
with hosts. Turicibacter sanguinis was isolated from blood from
a man experiencing acute appendicitis (4). Turicibacter rRNA
gene sequences have also been PCR amplified from human
feces (21) and ileal pelvic pouch contents from a subject with
ulcerative colitis (10). More work is clearly needed to deter-
mine if Turicibacter 458, or any of the other phylotypes exam-
ined in this study, are causative agents in the immunologic
phenotypes expressed by RF mice.

It is also notable that we identified associations between
bacteria in the intestine and MZ B- and iNK T-cell populations
in the liver and spleen. These results suggest that bacteria
inhabiting the intestine may influence the immune system in a
systemic manner. This is consistent with other investigations
(27, 32), which, for example, have shown that an expansion of
anaerobic bacteria in the small intestine was associated with
mucosal and nonmucosal immune activation (9).

Experimental design consideration. These studies, along
with other reports (7, 36), highlight an important experimental
design consideration. Namely, a better understanding of host-
microbe interactions will require investigations that examine
greater numbers of smaller compartments. In our studies, dis-
tinct differences in bacterial composition were detected in var-
ious intestinal compartments. More importantly, associations
between these bacteria and the immunologic features were
compartment specific and primarily occurred in the mucosal
compartment—a niche that is rarely examined. Given both the

small size of microorganisms and our limited knowledge of
how and where such organisms interact with the host, a critical
experimental design element will certainly include examining
niches at a scale more commensurate with the organisms under
investigation.

Nucleotide sequence accession numbers. Nucleotide se-
quences of the bacterial 16S-23S rRNA intergenic fragments
analyzed in this study were deposited in GenBank (NCBI) as
follows: Akkermansia 671, accession no. FJ538174; Barnesiella
116, FJ538173; Bacteroides 110, accession no. FJ538175; Clos-
tridium 2041, accession no. FJ538172; Enterobacter 144, acces-
sion no. FJ538171; Lactobacillus 456, accession no. EU375461;
and Turicibacter 458, accession no. EU375462.

This work was funded in part by grants from the Edythe and Eli
Broad Medical Research Program and by NIH grants DK046763,
DK069434, and AI078885. Flow cytometry was performed at the
Jonsson Comprehensive Cancer Center core facility (NIH grant
CA016042-34).
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