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Abstract
The composition of the intestinal microbial community is a distinctive individual trait that may
divergently influence host biology. Because dendritic cells (DC) regulate the quality of the host
response to microbiota, we evaluated DC in mice bearing distinct enteric microbial communities
divergent for colitis susceptibility. Surprisingly, a selective, systemic reduction of plasmacytoid
dendritic cells (pDC) was observed in isogenic mice with different microbiota: restricted flora
(RF) vs specific pathogen free (SPF). This reduction was not observed in germfree mice,
suggesting that the pDC deficiency was not simply due to a lack of intestinal microbial products.
The microbial action was linked to cytotoxic CD8+ T cells, since pDC in RF mice were preserved
in the CD8−/− and perforin−/− genotypes, partially restored by anti-CD8β Ab, and augmented in
SPF mice bearing the TAP−/− genotype. Direct evidence for pDC cytolysis was obtained by rapid
and selective pDC depletion in SPF mice transferred with RF CD8+ T cells. These data indicate
that commensal microbiota, via CTL activation, functionally shape systemic immune regulation
that may modify risk of inflammatory disease.

Among APCs, dendritic cells (DC)3 are particularly important in bridging innate and
adaptive immunity due to their deployment at barrier sites of Ag encounter, their efficient
trafficking to central lymphoid sites of T cell recruitment, and the exquisite tissue and
environmental regulation of their Ag-presenting traits (1, 2). Human and murine DC are
categorized by their morphology, function, and expression of cell surface markers and
cytokines (3). In mice, there are three major subtypes of DC in spleen and lymph nodes:
myeloid DC (mDC; CD11chigh CD11b+B220−; also termed conventional DC), CD8+ DC
(CD11chighCD11b−B220−CD8α+), and plasmacytoid DC (pDC; CD11clowCD11b−B220+),
which often can be further distinguished by two specific markers, 120G8 (4) and mPDCA-1
(5). pDC are distinguished by their large amounts of type I IFN in response to virus, termed
natural IFN-producing cells (6, 7). Although only moderately active for Ag uptake and
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presentation, they promote Th1 and Th2 cell polarization depending on the stimuli (7), and
there is growing interest that pDC contribute to induction of the tolerogenic phenotype. For
example, human pDC induce CD4+CD25+ T regulatory (Treg) cells (8) and murine pDC
stimulated with inhibitory ligands such as CTLA-4-Ig or OX2-Ig induce the IDO, which has
a strong inhibitory activity on T cell proliferation (9, 10).

Activation and maturation of DC can be triggered by various microbial stimuli, notably
through TLR sensing (11–13). Curiously, when specific pathogen-free (SPF) and germfree
(GF) mice are compared, the abundance, maturation state, and Ag presentation proficiency
of DC are similar (14). Thus, the effect and mechanism of enteric microbial influence on
systemic differentiation and activation of DC in vivo remains poorly understood.

The enteric microbiota form an abundant and highly divergent community comprised of as
high as 1010–1011/g contents and as many as 400 distinct species in a human individual (15,
16). Conventional and molecular phylotyping indicate that enteric microbiota is acquired
during infancy (predominantly of maternal origin), and its composition is a unique but stable
trait of each individual throughout life (17). Most of these microbial taxa are as yet
uncultivable and only minimally defined functionally. Accordingly, an important question is
whether this abundant, biologically active community shapes functional traits of the host
such as immune function and disease susceptibility.

A unique opportunity to model these issues emerged through a mouse colony bearing
complex enteric microbiota distinct from typical SPF mice. A segregated mouse colony,
established by H. Suit and R. Sedlacek at M.D. Anderson in the 1980s, was constructed by
transfer of a small set of nonpathogenic anaerobic bacteria into antibiotic-treated mice and
originally termed reduced flora (RF) mice. Derivative colonies using various mouse strains
were produced at a number of academic centers by Caesarian section of mouse pups with
adoptive RF mothers. Using conventional culture methods, RF mice are readily
distinguished from SPF mice by the lack of diverse enteric bacterial aerobes or Gram-
negative anaerobes and by a diversity of anaerobic Gram-positive species (see Materials and
Methods). A RF colony was established at University of California, Los Angeles (UCLA)
more than a decade ago (18). Molecular phylotyping of enteric microorganisms, comparing
these mice and their isogenic SPF counterparts, revealed that RF mice, like SPF mice,
harbored a large variety of bacteria and fungal phylotypes, but were distinguished by broad-
based compositional differences (19). For example, the most abundant phylotypes in RF and
SPF belonged to the Firmicutes and Acinetobacter, respectively. Relative differences in
Firmicutes vs Bacteroidetes and other taxa are also a common distinguishing trait of enteric
microbiota among humans (20, 21). In this report, we used quantitative PCR (qPCR) assays
to provide additional useful indices for the distinct enteric microbiota of SPF and RF mouse
colonies.

An initial analysis of RF mice revealed surprising systemic changes in T lymphocytes,
including reduced naive CD4+ and CD8+ T cells, expanded memory CD8+ T cells, and
increased levels of activated, Th1-polarized cells (22). These unusual traits were reversed
when RF mice were rederived with SPF microbiota, indicating that the phenotype was not
attributable to the genetic drift of the RF mouse colony, but through the action of
commensal microbiota. Moreover, RF mice were resistant to colitis under genetic or
adoptive transfer conditions that permit disease activity in SPF mice (23). The mechanisms
linking these divergent enteric microbiota to systemic T lymphocytes are unknown.

In this study, we compared the effect of SPF vs RF microbiota on the systemic status of DC
populations. We found that in RF mice, pDC were selectively deficient in spleen and
mesenteric lymph nodes (MLN), accompanied by an increased prevalence of mDC and T
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cells with a proinflammatory phenotype. The pDC deficiency in RF mice was reversed by
depletion of CD8+ T cells and in mice lacking perforin function. Moreover, pDC in SPF
were increased in SPF mice deficient in perforin or CD8+ T cells. These findings indicate
that microbiota shape the systemic DC population in a process involving recruitment of
cytolytic CD8+ T cells.

Materials and Methods
Mice

SPF C57BL/6 wild-type (WT), TAP-1−/− (24), and perforin−/− mice (25) were purchased
from The Jackson Laboratory. RF C57BL/6 WT (18, 19), CD8α−/− and CD4−/− mice were
obtained from the RF colony of the UCLA Department of Radiation Oncology. This colony
was originally established at UCLA in 1992 using adoptive mothers imported from the RF
mouse colony of Dr. H. Suit at M.D. Anderson. Perforin−/− breeders on the C57BL/6
background were purchased from The Jackson Laboratory and rederived for breeding by
Caesarian section and adoptive maternal rearing in the UCLA Radiation Oncology RF
colony.

RF mice were validated quarterly for RF status by aerobic and anaerobic microbial cultures.
Aerobic bacterial cultures were prepared immediately following resection of the cecum from
each mouse using a sterile, disposable, plastic, calibrated, 1.0-ml inoculating loop
(Evergreen Scientific). A uniform random sample of cecum material was transferred to
standard, enriched, selective, and differential agar medium used for the isolation of aerobic
and facultative anaerobic microorganisms (e.g., 5% sheep blood, colistin naladixic acid, and
MacConkey agar plates). The plates were incubated for 48 h at 35°C in 5–10% CO2 and
isolates were characterized using standard protocols. In parallel, anaerobic bacterial cultures
also were performed in the same fashion, except that they were immediately transferred to
standard, prereduced, enriched, selective, and differential agar medium used for the isolation
of anaerobic microorganisms (PRAS pack; Anaerobe Systems). The plates were
immediately transferred to an AnaeroPack jar and oxygen was removed using the Pack-
Anaero system (Mitsubishi Gas Chemical America). The plates were incubated for 5 days at
35°C and isolates were characterized using standard protocols.

An example of such analysis is shown in Table I, determined by conventional selective
culture conditions and biochemically characterization using the RapID ANA II system
(Innovative Diagnostic Systems). RF mice displayed only two aerobic organisms (probable
Lactobacillus and coagulase-negative Staphylococcus), which were also found in SPF mice.
In contrast, SPF mice were distinguished by a variety of additional aerobic and facultative
anaerobic isolates. RF mice displayed two culturable anaerobic species: one Bacteroides
fragilis group (also detected in SPF mice) and one unique anaerobic isolate (a Prevotella-like
species featuring unusual Gram-negative rod morphology and vancomycin sensitivity). In
contrast, diverse culturable anaerobes were found in SPF mice. Specifically, all four SPF
mice harbored Enterococcus spp. and Bacillus spp. unique to their group and three SPF mice
had an additional Enterococcus-like isolate and two SPF mice had an additional
Enterobacter cloacae.

With respect to pathogen-free status, mice from our major commercial source (The Jackson
Laboratory) routinely monitored by statistically valid sampling procedures combined with
established serology, cecum culture, and molecular diagnostic infectious disease PCR for the
absence of a panel of viral, fungal, parasite, and opportunistic organisms and bacterial
pathogenic taxa, including Helicobacter spp. (http://jaxmice.jax.org/health/agents_list.html).
At the UCLA Center for Health Sciences vivarium, health monitoring for mouse pathogens
or the agents with a significant potential for interference with research in SPF or RF mice of
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different age groups from each animal room were performed by Charles River Diagnostics.
All of the animals used for the studies were confirmed to be pathogen free.

Germfree (GF) mice were obtained from the National Institutes of Health Gnotobiotic
Resource (College of Veterinary Medicine, North Carolina State University). Sterility of
germfree mice was documented on a monthly basis by fecal Gram stain and aerobic and
anaerobic cultures of the feces and bedding. For selected mice, sterility of cecal contents
was documented Gram stain and cultures at the time of necropsy.

All of the mice used in this study were C57BL/6, female, and 4–9 wk old and were handled
according to the guidelines and protocols approved by the UCLA animal research
committee.

Antibodies
The following fluorescence-conjugated anti-mouse mAbs were purchased from BD
Pharmingen: CD3ε (145-2c11), CD4 (RM4-4), CD8α (53–6.7), CD25 (7D4), CD80
(16-10A1), CD86 (GL1), I-A/I-E (2G9), CD19 (1D3), B220 (RA3-6B2), CD11c (HL3),
CD11b (M1/70), H-2Db (KH95), CD16/CD32 (2.4G2), Foxp3 (FJK-16s), IFN-γ (XMG1.2),
IL-10 (JES5-16E3), and IL-12p40 (C15.6). Purified anti-NK1.1 (PK136) and anti-CD8β
(341) (BD Pharmingen) were used for in vivo depletion. Anti-mPDCA-1 was purchased
from Miltenyi Biotec.

Sample collection for molecular microbial analyses
Intestinal lumen contents and intestinal epithelium-associated tissue samples were collected
for analysis of enteric bacteria in SPF and RF mice. Briefly, age- and gender-matched SPF
and RF mice were euthanized by isoflurane inhalation and the intestines were excised. The
intestines were then separated into small and large intestines at the junction between
terminal ileum and cecum. Lumen content samples from small and large intestines were
collected by squeezing the intestinal tubes with a forceps from one end to another.
Approximately 0.5 ml of intestinal tissue along with condensed lumen content was collected
into 2-ml screw-cap tubes containing 1 ml of CLS-Y DNA lysis buffer with beads from a
FastDNA kit (Qbiogene). After being vortexed vigorously for a few seconds, lumen content
samples were immediately frozen on dry ice until DNA isolation.

For the detection of epithelium-associated microorganisms, the small and large intestinal
tissues were further processed by releasing epithelium-associated cells with DTT treatment.
Briefly, the small and large intestines were cut open longitudinally and washed in DMEM
three times. The washed intestinal tissues were then cut into 0.5- to 1-cm segments and
placed into 50-ml corning tubes containing 25 ml of DMEM with 1 mM DTT (Sigma-
Aldrich). The intestine tissues were treated with DTT by shaking at 220 rpm for 40 min at
37°C. After DTT treatment, the tissues were filtered through a 100-μm cell strainer into
another 50-ml conical tube. The DTT- released fractions were then spun down at 3000 rpm
for 10 min at 4°C with a Beckman Coulter J6M centrifuge. The epithelium-associated cells
were then resuspended in 10 ml of DMEM and 1–1.5 ml of cell suspension was transferred
into Eppendorf tubes and spun down at 6000 rpm for 5 min. The pellets were then
resuspended with ~0.5 ml of DNA lysis buffer and transferred into to 2-ml screw-cap tubes
containing CLS-Y DNA lysis buffer and beads. The rest of the cell suspensions were
processed for intraepithelial lymphocyte isolation for immunological analysis.

DNA extraction and qPCR assay for enteric bacteria
DNA was extracted from the intestinal samples described above with the FastDNA Spin Kit
using CLS-Y as the lysis buffer and bead-beating the samples in a FastPrep Instrument for
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40 s at a setting of 6 (Qbiogene). DNA was further purified and size-fractionated by
electrophoresis in 0.6% agarose gels. DNA larger than 3 kb was excised without exposure to
UV or ethidium bromide and recovered using the QIAquick Gel Extraction Kit (Qiagen) per
the manufacturer's instructions, except that the gel pieces were not exposed to heat and the
DNA was eluted in EB buffer diluted 1/10 with water.

Two index bacterial phylotypes, Firmicutes 458 and Lactobacillus 456 were assessed using
nucleotide sequences of their rRNA-ITS regions. The Firmicutes 458 and Lactobacillus 456
sequences were deposited in Gen-Bank (National Center for Biotechnology Information)
under accession numbers EU375461 and EU375462, respectively. Two bacterial phylotypes
were quantified using real-time PCR assays: performed in a Bio-Rad iCycler MyiQ Real-
Time Detection System (Bio-Rad). The phylotypes (Firmicutes 458 and Lactobacillus 456)
were identified in prior rRNA gene analyses (our unpublished data). Sequence-selective
primers were designed using the PRISE software. The amplification reactions were
performed in iCycler iQ PCR Plates with Optical Flat 8-Cap Strips (Bio-Rad). Twenty-five-
microliter reaction mixtures contained the following reagents: 50 mM Tris (pH 8.3), 500 μg/
ml BSA, 2.5 mM MgCl2, 250 μM of each dNTP, 400 nM of each primer, 0.33 μl of
intestinal DNA (described above), 2 μl of 10× SYBR Green I (Invitrogen), and 1.25 U
TaqDNA polymerase. The Lactobacillus 456 primers were LactoITSF2
(AGGCGAAAGATGATGGAG) and LactoITSR3 (ATGTACTAGCTCTTGAGGT), which
target a 117-bp fragment of the rRNA-ITS region from the Lactobacillus 456 phylotype. The
Firmicutes 458 primers were TuricITSF12 (CCTAGAATTGATCTTTGAAAAC) and
TuricITSR10 (CCGGCTCTTTGCTTACT), which target a 151-bp fragment of the rRNA-
ITS region from the Firmicutes 458 phylotype. The thermal cycling conditions for the
Lactobacillus assay were 94°C for 5 min; 36 cycles of 94°C for 20 s, 65.3°C for 30 s, and
72°C for 30 s, followed by 72°C for 2 min. The thermal cycling conditions for the
Firmicutes assay were 94°C for 5 min, 36 cycles of 94°C for 20 s, 60.7°C for 30 s, and 72°C
for 30 s, followed by 72°C for 2 min. At each cycle, accumulation of PCR product was
measured by monitoring the increase in fluorescence of the dsDNA-binding SYBR Green
dye. rRNA gene levels in the intestinal DNA were quantified from a standard curve
comprised of a dilution series of cloned rRNA genes for each of the phylotypes. To increase
the likelihood that the real-time signals were produced by amplification of the target
sequences, PCR fragments from intestinal DNA were cloned into pGEM-T (Promega), and
the nucleotide sequences of two clones for each assay were determined; in all cases, these
experiments confirmed that the target sequences were being amplified (data not shown).
Differences in the amounts of Firmicutes 458 and Lactobacillus 456 rRNA genes in RF and
SPF intestinal samples were assessed using two-tailed Student's t tests.

Preparation of DC fractions
Low-density cell fractions were prepared as previously reported, with some modifications
(12). Briefly, spleen or lymph nodes (mesenteric, axillary, or popliteal) were minced in
Mg2+- and Ca2+-free HBSS and digested with 1 mg/ml collagenase (Sigma-Aldrich) and 0.2
mg/ml DNase I for 45 min at 37°C. EDTA was adjusted to 30 mM and incubated for 10 min
at room temperature. For bone marrow, cell suspension were obtained by flushing femurs
with PBS supplemented with 0.5% BSA (Sigma-Aldrich) and resuspended in ACK lysing
buffer (BioWhittaker) at room temperature for 1 min to lyse RBC. The cells were then
resuspended in HBSS. Tissue lysate or bone marrow cell suspension was filtered through a
100-μm nylon cell strainer and layered onto 15% Nycodenz (Accurate Chemical &
Scientific) in RPMI 1640 containing 10% FCS (HyClone). Cells were separated by
centrifugation at 450 × g for 20 min without brake. Low-density fractions at interface were
collected and washed for analysis.
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FACS analysis
Cells for FACS analysis were preincubated with anti-CD16/CD32 to block nonspecific Fc
receptor binding and then stained with fluorescent dyeconjugated Abs (FITC, PE, PerCP,
allophycocyanin). After staining, the cells were washed twice with FACS buffer (0.5% BSA
in PBS buffer) and suspended in 2% paraformaldehyde for FACS analysis. The data were
collected by FACSCalibur and analyzed by CellQuest software (BD Biosciences).

Intracellular cytokine staining
For staining cytokines produced by DC, cells in the low-density fraction as mentioned above
were harvested and stimulated with 10 ng/ml PMA (Sigma-Aldrich) and 1 μg/ml ionomycin
(Sigma-Aldrich) overnight. Brefeldin A (10 μg/ml; Sigma-Aldrich) was added during the
last 2 h of culture. Cells were resuspended in FACS buffer and stained with anti-CD11c.
Cells were then fixed with Cytofix/Cytoperm (BD Biosciences) and stained with anti-
IL-12p40. For T cell cytokine staining, total splenic cell suspension was stimulated with
PMA/ionomycin for 6 h followed with brefeldin A treatment during the last 2 h. Cells were
surface stained with anti-CD4 or anti-CD8α and then fixed and permeabilized for
intracellular staining with anti-IFN-γ or anti-IL-10.

Ab treatment
Purified anti-NK1.1 (PK136) and anti-CD8β (341) Abs containing no preservative were
administered i.v. into RF mice at 100 μg/mouse. Mice in control groups were injected with
isotype control Abs. Injection was repeated twice by the interval of 10 days. The mice were
sacrificed 1 wk after the final injection.

Lumenal bacterial lysate preparation
Intestinal lumen contents of RF mice were collected and resuspended in 1 ml of PBS. In
brief, 0.25 ml of buffer (PBS containing 2 mM MgCl2 and 1 mg/ml DNase) and 1 ml of
glass beads were added to the lumenal suspension. Suspension was vortexed for 3 min to
disrupt bacteria. The glass beads and unlysed cells were removed by centrifugation at 5000
× g for 10 min. Lumenal lysates were sterilized by using a 0.2-μm syringe filtration
(Nalgene). Protein concentrations were determined using a Quick Start Bradford protein
assay kit (Bio-Rad).

Bone marrow-derived DC induction
Bone marrow cell suspensions prepared from SPF mice were cultured at 2 × 106 cells/ml for
7 days in RPMI 1640 medium and supplements (1 mM sodium pyruvate, 2.5 mM HEPES,
penicillin-streptomycin, 50 μM 2-ME; all from Invitrogen), 10% FCS, and 100 ng/ml Flt-3L
(R&D Systems). Lumenal lysates prepared from SPF or RF mice lumen contents were
added at protein concentrations of 4 μg/ml, and cultures were continued for subsequent 24 h.
Yielded mixture of pDC and mDC were stained with CD11c-allophycocyanin, CD11b-
PerCP, B220-FITC, and CD86-PE.

Adoptive transfer of CD8+ T cells
Splenic single cells were prepared and RBC were lysed by ACK lysing buffer
(BioWhittaker). Cells were resuspended in PBS buffer containing 0.5% BSA and 2 mM
EDTA. CD8α+ T cells were isolated using a CD8α+ T cell isolation kit (Miltenyi Biotec)
according to the manufacturer's instructions. Purity of CD8α+ T cells was >95%. Purified
CD8α+ T cells from RF mice were i.v. injected to SPF mice at 4 × 106 cells/mouse. Lysates
prepared from intestinal lumen contents of RF mice were i.p. injected at 50 μg/mouse.
Control SPF mice were injected with the same volume of saline. Mice were sacrificed 4
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days after CD8+ T cell transfer, and splenic DC were prepared and stained for CD11c and
mPDCA-1.

Statistics
Statistical analysis was conducted by using Prism software (GraphPad). Each sample group
was tested and confirmed for normality (Gaussian distribution) before further analysis was
conducted. Each data set was next subjected to a two-sided Student t test for two groups or
ANOVA for three or more groups, with a 95% confidence interval. A value of p ≤ 0.05 was
determined to be significant.

Results
Quantitative molecular microbial indices for RF mice

The microbial composition of RF mice has been routinely monitored from SPF mice by
assessment with qualitative bacterial culture methods (see Materials and Methods). This
culture assessment is only an index of the RF microbiota, because the actual makeup of the
RF microbiota is complex (19), and with current technologies the comprehensive molecular
assessment of enteric microbiota for colony monitoring is impractical. However,
quantitative molecular microbial indices would be a useful addition for monitoring RF
mouse colonies for the integrity of their distinct microbial state. Accordingly, we established
qPCR assays for representative 16S bacterial phylotypes that might serve as quantitative
indices distinguishing RF and SPF mice.

An example of such indicator molecular phylotypes is presented in Table I. Among cloned
enteric bacterial 16S sequences isolated in our previous study (19), we selected two bacterial
16S sequences (here termed the Firmicutes 458 and Lactobacillus 456 phylotypes) that were
recurrently cloned from SPF and RF mice, respectively. The nucleotide sequences of the
rRNA-ITS regions from the Firmicutes 458 and Lactobacillus 456 phylotypes were
deposited in GenBank (National Center for Biotechnology Information) under accession
numbers EU375461 and EU375462, respectively. qPCR measurements for each of them
were performed in RF and SPF intestinal samples (Table II). In samples of luminal contents,
the Lactobacillus 456 phylotype was selectively elevated in RF mice. In epithelial-
associated samples, the Firmicutes 458 phylotype was selectively reduced in RF mice. These
data demonstrate that these two phylotypes can be used as quantitative indices for in the
distinct intestinal microbiota between RF and SPF mice (19).

Frequency and differentiation of DC subset in microbiota-divergent mice
To assess whether distinct microbiota affect DC subsets, the frequency and absolute number
of CD11chighCD11b+ (mDC) and CD11clowmPDCA-1+ (pDC) were determined in SPF, RF,
and GF mice (Fig. 1, A and B). As previously reported (4), pDC were a minor population in
C57BL/6 SPF mice. When compared with SPF mice, pDC were quite decreased in RF mice
both in frequency (22 and 32% of SPF levels in spleen and MLN, respectively) and absolute
number (17 and 24%, respectively). In contrast, no significant changes were observed for
the frequency or absolute numbers of mDC in RF and GF mice compared with SPF mice. In
addition, CD8+ DC (CD11chighCD11b−CD8α+) were also present in comparable levels in
SPF and RF mice (14.3 ± 4.5% and 15.2 ± 0.6% of total DC in SPF and RF mice,
respectively).

These data show that among DC subsets, pDC are selectively reduced in RF mice. We
considered the possibility that this pDC deficit was due to the requirement for certain
commensal microbial species that was absent in the RF microbial community. However,
when we evaluated GF mice, which lack any detectable resident bacteria, the frequency and
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absolute numbers of pDC and mDC were similar to SPF mice (Fig. 1, A and B). These
findings indicate that commensal microbiota were not required for the normal formation of
pDC (or mDC) in peripheral tissues, as previously reported (14).

We also considered that the pDC deficiency in RF mice might be restricted to sites draining
the intestinal tract. To assess this, pDC frequency in popliteal and axillary lymph node was
also examined. As shown in Fig. 1C, pDC frequency and absolute number in peripheral
lymph nodes of RF mice were lower than that of SPF mice. This observation further
confirms that the pDC deficiency in RF mice was systemic.

Because enteric microbial products can be delivered to the bone marrow (26, 27), we
wondered whether RF microbiota might inhibit pDC formation in the bone marrow.
mPDCA-1 was undetectable in any cell population of the bone marrow; therefore, B220 was
used in conjunction with other markers for the delineation of bone marrow pDC progenitors.
In SPF bone marrow, cells with a pDC phenotype (CD11c+B220+CD11b−) were quite
abundant at levels greater than in SPF spleen and MLN (Fig. 2, A and B). However, the
same pDC frequency and absolute number were also observed in RF and GF mice. mDC
(CD11c+B220−CD11b+) also were detectable in SPF bone marrow (at lower levels than
pDC), and their frequency and absolute number were unaffected by the RF or GF state. A
small population of bone marrow CD11b+B220+ double-positive DC was observed at
similar levels in SPF, RF, and GF mice. This is notable, because cells with this phenotype
have been attributed to progenitor DC populations (26). To further investigate whether RF
microbiota might affect DC differentiation or maturation, the frequency of DC precursor
(CD11c+MHCII−) and its maturation state were determined in SPF and RF mice (Fig. 2, C
and D). However, no significant change was observed in RF mice. These data suggest that
bone marrow delivery of Ag from RF microbiota is unlikely to affect DC formation in the
bone marrow.

DC maturation and T cell polarization in RF mice
To assess the maturational state of the DC populations in RF mice, CD86 and MHCII
expression levels in DC populations of the spleen and MLN were examined. CD86 and
MHCII expression in pDC was equivalent in both SPF and RF mice (Fig. 3A). However,
CD86 and MHCII expression was selectively increased in mDC from RF mice. These data
suggest that the mDC population was shifted to a more mature state in RF mice.

To clarify whether mDC was a direct action of RF microbial Ags, cecal lumen lysates from
SPF or RF mice were used to stimulate Flt-3L-induced bone marrow-derived DC. For mDC,
both RF and SPF lumenal lysates increased CD86 expression, but induction was much
higher with RF lysates (Fig. 3B). For pDC, neither RF nor SPF lumenal lysates substantially
induced CD86. To assess the native mDC population, intracellular IL-12 was determined in
the spleen low-density fraction after PMA/ionomycin. As shown in Fig. 3C, IL-12-
expressing CD11chigh DC were 2.7-fold increased in RF vs SPF mice. It should be noted
that this native DC preparation includes non-DC populations, which may directly respond to
PMA/ionomycin and secondarily induce DC IL-12 expression. However, these data provide
three lines of evidence that RF microbiota, in part through direct action on newly
differentiated mDC, stimulate mDC maturation and IL-12 production.

CD8+ T cells primed with pDC produce substantial amount of IL-10 (28), suggesting that
such IL-10 production might be reduced in RF mice, due to their deficiency in pDC. If so,
reduced IL-10 production in RF mice might also enhance lymphocyte IFN-γ production,
activating CTL or NK cell cytotoxicity. Therefore, IFN-γ and IL-10 production from T cell
in SPF and RF mice were compared. As shown in Fig. 3D, IFN-γ production by CD4+ T
cells in RF mice was 2.5-fold increased both in spleen and MLN compared with SPF mice.
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However, IL-10+CD4+ T cells in RF mice in splenic or MLN were unchanged from SPF
control mice. IFN-γ+CD8+ T cells in RF mice were 4.4-fold increased in spleen and 4.5-fold
in MLN compared with SPF mice. Again, IL-10+ CD8+ T cells were unchanged. These data
suggest IFN-γ-producing CD4+ and CD8+ T cells are activated in RF mice, but do not
implicate deficient IL-10 production in this process.

A requirement for CD8+ T cells in the pDC deficiency of RF mice
As IFN-γ production from CD4+ and CD8+ T cell were both elevated in RF mice, we tested
whether CD4+ or CD8+ T cells were required for pDC deficiency. To do so, CD4 or CD8α
null mice were rederived bearing RF microbiota and assessed for DC percentage and
absolute number. As shown in Fig. 4A, RF CD8α−/− mice were significantly increased both
in pDC percentage and absolute numbers compared with RF WT mice. In contrast, the pDC
percentage in RF CD4−/− mice was not increased compared with WT RF mice. Curiously,
pDC absolute numbers were significantly increased in CD4−/− vs WT RF mice. This
discordance was due to a substantial expansion in absolute numbers of all residual splenic
cells (B cells, CD8+ T cells, and DC) in RF CD4−/− mice. The reason for this complex
population change in RF CD4−/− mice is uncertain. However, these data suggest that cells
expressing the CD8α molecule are involved in pDC deficiency in RF mice.

CD8α can be expressed not only on classic CD8αβ T cells, but also on other T cell and DC
populations (29, 30). To assess which population is responsible for pDC deficiency, RF
mice were treated with anti-CD8β or anti-NK1.1 Abs were treated against RF mice. Mice
were treated with anti-CD8β, anti-NK1.1, or with iso-type-matched control Abs twice at 1-
wk intervals. One week after the last challenge, mice were sacrificed and assayed for pDC in
the spleen. CD8αβT cell or NK cell were confirmed for their depletion (data not shown). As
shown in Fig. 4B, anti-CD8β Ab partially restored pDC but not anti-NK1.1 restored RF
pDC levels. Similarly, isotype-matched Abs also did not restore RF pDC (data not shown).
These findings indicate that pDC depletion in RF mice is dependent on CD8αβT cells.

CD8+ T cell cytotoxicity is required for the pDC deficiency in RF mice
In terms of CD8+ T cell function, the pDC deficiency in RF mice may be due to CD8+ T cell
cytolytic activity or other cytokines or cell-cell interactions which may impair pDC
differentiation, homing, or survival. To test the former possibility, we rederived perforin−/−

mice (25) bearing RF microbiota and examined them for pDC levels. As shown in Fig. 5A,
splenic pDC levels in RF perforin−/− mice were significantly increased compared with RF
WT mice, reaching levels exceeding that of SPF WT mice. The number of CD8+ T cells in
perforin−/− mice bearing SPF or RF microbiota were comparable to their WT mice (data not
shown). These data demonstrate that pDC depletion by CD8+ T cells involves a perforin-
dependent CTL process.

Mechanistically, the simplest explanation for these findings is that RF CD8+ T cells directly
kill pDC. To test this idea, an in vivo cytotoxicity experiment was performed. Splenic CD8+

T cells from RF mice were sorted and injected into SPF mice, and the levels of splenic pDC
were measured after 4 days. In some cases, RF lumenal microbial Ag (or saline control) was
also administered. As shown in Fig. 4C, SPF pDC were rapidly reduced in mice
administered RF CD8+ T cells and microbial Ag (50 and 33% of control frequency and
absolute number, respectively). This reduction was dependent on both CD8+ T cells and
microbial lysate, because neither alone affected pDC levels (Fig. 4C). At the same time,
mDC was not significantly affected by either RF Ag nor RF CD8+ T cells. These findings
provide evidence for cytotoxicity of RF CD8αβ T cells selectively against peripheral pDC.
The requirement for lumenal microbial lysate also suggests that antigenic challenge is
required for efficient T cell cytotoxicity.
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RF perforin−/− mice were also notable for reductions of mDC CD86 expression and IFN-γ+

T cells to normal (SPF-like) levels (Fig. 5, B and C). This suggests that the elevated
abundance of mature phenotype mDC and IFN-γ- producing T cells in RF mice might
reflect a regulatory role of pDC on these populations. In this context, it is notable that pDC
are reported to prime CD8+ T cells for IL-10 production and can promote CD4+CD25+ Treg
cell formation (8, 28). To assess these possibilities, IL-10 production from T cells and
Foxp3+ Treg cells were compared between perforin−/− mice and WT (Fig. 5, C and D);
however, no significant change was observed. This suggests that pDC does not regulate
IFN-γ expression via expansion of Treg or Tr1 populations.

Evidence for Ag-specific elimination of pDC by CD8+ T cells in SPF mice
We sought to determine whether the cytolytic elimination of pDC involved an Ag-specific
CD8+ T cell process. The presentation of peptide Ag in association with MHC class I
molecules is deficient in TAP-1−/− mice, with concomitant depletion of CD8+ T cells (24).
We therefore evaluated DC levels in TAP-1−/− mice bearing SPF microbiota. Compared
with SPF mice, pDC in TAP-1−/− mice bearing SPF microbiota were increased 2-fold in
percentage and 2.5-fold in number (Fig. 5E). Similarly, pDC levels were significantly
increased in SPF perforin−/− mice compared with WT SPF mice (Fig. 5A). These data
suggest that CD8+ T cell-dependent pDC elimination is not restricted to RF mice and that
pDC turnover by CD8+ T cells may also be a housekeeping event in SPF mice.

Discussion
In the natural population, individuals are divergent in their composition of resident
commensal microbiota. This study demonstrates that commensal microbiota shape systemic
levels of pDC. Systemic depletion of pDC was selectively observed in mice bearing RF
microbiota. This depletion was associated with maturation and elevated constitutive IL-12
production of mDC and increased levels of IFN-γ-expressing CD4+ T cell and CD8+ T
cells. Unexpectedly, several lines of evidence indicated pDC depletion was mediated by
cytolytic CD8+ T cells. These data suggest a surprising interplay of resident commensal
microbiota and cytolytic CD8+ T cells in systemic immunoregulation.

There are few precedents for selective DC deficiency for the pDC subset. For example, mice
bearing a null mutation for the transcription factor Ikaros (IkL/L) lack peripheral pDC but not
other DC subsets (31). With this in mind and the detectable delivery of microbial products to
the bone marrow environment (26), it is conceivable that Ikaros expression by pDC
progenitors might be dependent on such microbial products. However, pDC were not
deficient in GF mice, indicating that normal pDC formation does not require the stimulus of
resident microbiota. It is possible that products of RF microbiota might inhibit pDC
formation. However, abundant CD11c+B220+CD11b− cells were present in bone marrow
from RF mice. Thus, it appears that the pDC deficiency in RF mice is not due to impairment
of pDC differentiation, but instead due to their elimination in peripheral tissues.

This study's central finding is the surprising role of cytotoxic CD8+ T cells mediating the
effect of commensal microbiota on the pDC population. First, the pDC deficiency was
averted when RF microbiota were introduced into mice with CD8α−/− or perforin−/−

genotypes, whereas the pDC percentage remained deficient when they were introduced into
CD4−/− mice. Second, pDC were rapidly restored in RF mice treated with anti-CD8β but not
anti-NK1.1, implicating CD8αβ T cells, but not NK cells, as the functional basis for these
genetic phenotypes (29, 30). Third, pDC were rapidly and selectively reduced in SPF mice
transferred with RF CD8β+ T cells and lumenal Ag, providing evidence for their direct
cytotoxicity against pDC in vivo. Fourth, pDC were increased in SPF mice bearing the
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TAP-1−/− genotype, suggesting that pDC depletion by CD8+ T cells involves cognate
peptide/MHC class I recognition and occurs at detectable levels in SPF mice.

It is uncertain whether the interplay of RF microbiota and cytolytic CD8+ T cells involves
direct antigenic targeting of pDC or is mediated through an intermediate cytolytic target
affecting pDC formation, homing, or tissue persistence. These four lines of evidence, in
particular, the rapid and selective pDC depletion in SPF mice by RF CD8+ T cells, are most
simply explained by direct cytotoxic action of the pDC population. As a precedent, recent
work has demonstrated that DC loaded with specific Ag can be eliminated by CTL in a
perforin-dependent manner (32–34). One might imagine that such a process may account for
the systemic delivery of RF microbial products to DC populations, resulting in their
targeting by cognate CD8+ T cells. We note that this would not simply explain why the
depletion selectively targets pDC vs mDC populations, unless pDC selectively express
receptors suitable for uptake of the relevant RF Ags (35, 36).

Alternatively, the pDC population may involve novel cross-reactive targeting. For example,
a conserved bacterial peptide presented on class Ib molecule can elicit cognate CD8+ T cells
targeting host cells presenting endogenous cross-reactive Qa-1-restricted peptide (37) and
invariant NK T cells target cross-reactive microbial and endogenous ligands associated with
CD1 (38–40). Because APCs vary widely in expression of MHC class 1b molecules
according to cell subset and anatomic location (41), it is conceivable that such antigenic
specificity may be an unappreciated feature of the pDC subset of DC.

The mDC population was numerically unaffected in RF mice, but shifted to a more mature
phenotype, with an associated elevation of IFN-γ+CD4+ and CD8+ T cells. The pDC
population can attenuate DC maturation and effector T cell expansion through production of
IDO, IFN-α, and recruitment or induction of invariant NKT or Foxp3+ Treg cells (35, 42–
44). It is thus plausible that reduction of the pDC population in RF mice might contribute to
the observed elevation in the basal abundance of mature mDC and activated T cell
populations.

Surprisingly, functional studies of RF mice reveal their resistance to immune colitis induced
by CD4+CD45RBhigh or Gαi2−/− T cells (23) and their increased colonization but reduced
colonic inflammation in Campylobacter jejuni infection (45). CD4+ Treg cells play an
important role in attenuating immune colitis (46, 47), notably by blocking differentiation or
activation of Th17- and IL-23-producing cells (48, 49). Although pDC Ag presentation
favors formation of CD4+ Treg cells (44, 50–52), pDC also can promote intestinal
inflammation, in part through local IFN-α production (53). Accordingly, the immune
functional consequence of pDC deficiency or other associated host immune changes in RF
mice might promote intestinal homeostasis. Alternatively, CD8+ T cells may directly elicit
immunoregulation (32–34, 54), a process attributed to depletion of Ag-presenting DC. In the
present study, DC bearing enteric commensal Ags may be depleted by CD8+ T cells in RF
mice, thus removing the antigenic drive for Th17 cell formation and activation.

In summary, this study reveals that the alternate commensal microbial communities,
representative of the human divergence of enteric microbiota, can shape the systemic DC
population through a novel mechanism involving cytolytic CD8+ T cells. Because such mice
are also divergent in their susceptibility to immune or infectious colitis, this observation
suggests an unexpected acquired trait that shapes host immunoregulation and immune
disease susceptibility.
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FIGURE 1.
Comparison of pDC and mDC in spleen and MLN from mice with different resident
microbiota. Low-density fractions of spleen or MLN from SPF, RF, and GF mice were
isolated and stained as described in Materials and Methods. A, pDC were stained with
allophycocyanin-conjugated anti-CD11c and FITC-conjugated anti-mPDCA-1. mDC was
stained with PerCP-conjugated anti-CD11b and allophycocyanin-conjugated CD11c.
Numbers in dot plots represent percentages of total low-density cells from four to nine mice
per group. B, Tabulation of pDC and mDC frequency (percentage of low-density cells) and
absolute number in spleen. Values of p are calculated using ANOVA, comparing each group
with RF mice. C, Tabulation of pDC frequency and absolute number in peripheral (axillary
and popliteal) lymph nodes. Nonsignificant values (p ≥ 0.05) are not listed.
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FIGURE 2.
Effect of RF microbiota on bone marrow DC. A, Comparison of DC populations in bone
marrow. DC were stained with allophycocyanin-conjugated anti-CD11c, FITC-conjugated
anti-B220, and PerCP-conjugated anti-CD11b. B220 vs CD11b plot is shown after gating on
CD11c+ cells. Numbers represent percentages of total CD11c+ cells from three to five mice
per group. B, Tabulation of pDC and mDC absolute numbers in bone marrow. C, DC
precursor (CD11c+MHCII−) and DC (CD11c+MHCII+) in bone marrow were compared
between SPF and RF mice. Numbers represent percentages of total low-density cells. D,
Maturation state of DC precursor and DC. Cells were gated for either CD11c+MHCII− or
CD11c+MHCII+ and evaluated for CD80 and CD86 expression. Thin line, SPF; bold line,
RF mice.
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FIGURE 3.
mDC maturation/activation phenotype and IFN-γ-producing T cells in RF mice. A, CD86
and MHCII expression on pDC or mDC were compared between SPF and RF mice. Thin
line represents SPF and bold line represents RF mice. Numbers indicate MFI. B, Effect of
lumenal lysate on bone marrow-derived DC. Bone marrow cells were cultured for 1 wk in
the presence of Flt-3L, and lumenal lysate prepared from SPF or RF mice lumen contents
were added and cultured for 24 h. CD86 data were gated on pDC (CD11c+B220+CD11b−)
and mDC (CD11c+B220−CD11b+). Dotted line represents vehicle control and thin line and
bold line represent SPF lumenal lysate and RF lumenal lysate, respectively. Numbers
indicate MFI. C, IL-12 production from CD11chigh DC. Low-density cells from spleen of
SPF or RF mice were cultured, stimulated with PMA/ionomycin, and stained with anti-
IL-12 and anti-CD11c. Numbers are percentages of total low-density cells. Data are
representative of at least three mice in two separate experiments. D, IFN-γ or IL-10
productions from T cells were compared between SPF and RF mice. Spleen cells prepared
from SPF or RF mice were stimulated with PMA/ionomycin and stained with anti-IFN-γ or
anti-IL-10. CD3ε+CD4+ cells were gated as CD4+ T cells and CD3ε+CD8+ were gated as
CD8+ T cells. Values are the percentage of cytokine-producing cells among total CD4+ or
CD8+ T cells. *, p < 0.01 for Student's t test comparing each group to SPF mice. Other
comparisons are nonsignificant values (p ≥ 0.05).
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FIGURE 4.
Role of CD8+ T cells in the pDC deficiency of RF mice. A, Low-density cells were prepared
from spleen of SPF WT, RF WT, RF CD8α−/−, and RF CD4−/− mice. Cells were stained for
pDC as in Fig. 1. pDC frequency (percentage of low-density cells) and absolute numbers in
spleen are tabulated; p values were obtained using Student's t test for group comparisons. B,
RF mice were treated with anti-NK1.1 and anti-CD8β to deplete NK cells or CD8αβT cells;
irrelevant isotype treatment was used as a negative control. Mice received Ab injection
twice and were sacrificed 1 wk later after the final injection. Low-density splenocytes were
isolated and stained for flow analysis; numbers indicate percentage of total low-density
cells. Data are representative of three mice per group. C, SPF mice were injected i.v. with
CD8+ T cells from RF mice and injected i.p. with lumenal lysate prepared from RF mice
(Ag) or saline (Ctr). Mice were sacrificed 4days later and the frequency (percentage of low-
density cells) and absolute numbers of splenic pDC and mDC were determined. Values of p
were obtained using Student's t test comparing each group with control mice. Nonsignificant
p values (p ≥ 0.05) are not listed.
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FIGURE 5.
Effect of perforin null mutation on pDC in RF mice. A, Low-density cells from perforin−/−

mice (Prfn−/−) and WT mice bearing either SPF or RF microbiota were prepared from spleen
and stained for pDC. Splenic pDC frequency (percentage of low-density cells) and absolute
numbers are tabulated. B, mDC was gated and compared for CD86 expression in WT mice
and perforin−/− mice bearing either SPF or RF microbiota. Thin line, WT; bold line,
perforin−/−. Numbers are MFI, representative of data from four mice. C, Cytokine
production from WT and perforin−/− mice bearing either SPF or RF microbiota. D,
Frequency of Foxp3+ Treg cells were determined in Prfn−/− and WT. Splenic cells were
stained for CD3, CD4, CD25, and intracellular Foxp3. Data shown are gated on CD3+CD4+.
E, Low-density cells from SPF TAP-1−/− mice and SPF WT mice were prepared from
spleen and stained for pDC. Splenic pDC frequency (percentage of low-density cells) and
absolute numbers are shown. Values of p were obtained using Student's t test (A and E) or
ANOVA (C), comparing each group with WT SPF mice. *, In Fig. 5C indicates p < 0.05.
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