
fmicb-08-01708 September 5, 2017 Time: 16:57 # 1

ORIGINAL RESEARCH
published: 07 September 2017

doi: 10.3389/fmicb.2017.01708

Edited by:
Yves Renaudineau,

University of Western Brittany, France

Reviewed by:
Dane Parker,

Columbia University, United States
Jessica Lynn Humann,

Florida A&M University, United States

*Correspondence:
Syed A. Hashsham

hashsham@egr.msu.edu
Robert D. Stedtfeld

stedtfel@msu.edu

Specialty section:
This article was submitted to

Microbial Immunology,
a section of the journal

Frontiers in Microbiology

Received: 10 June 2017
Accepted: 23 August 2017

Published: 07 September 2017

Citation:
Stedtfeld RD, Chai B, Crawford RB,

Stedtfeld TM, Williams MR,
Xiangwen S, Kuwahara T, Cole JR,

Kaminski NE, Tiedje JM and
Hashsham SA (2017) Modulatory

Influence of Segmented Filamentous
Bacteria on Transcriptomic Response

of Gnotobiotic Mice Exposed
to TCDD. Front. Microbiol. 8:1708.

doi: 10.3389/fmicb.2017.01708

Modulatory Influence of Segmented
Filamentous Bacteria on
Transcriptomic Response of
Gnotobiotic Mice Exposed to TCDD
Robert D. Stedtfeld1*, Benli Chai2, Robert B. Crawford3,4, Tiffany M. Stedtfeld1,
Maggie R. Williams1, Shao Xiangwen1, Tomomi Kuwahara5, James R. Cole2,
Norbert E. Kaminski3,4, James M. Tiedje2 and Syed A. Hashsham1,2*

1 Department of Civil and Environmental Engineering, East Lansing, MI, United States, 2 Center for Microbial Ecology,
Michigan State University, East Lansing, MI, United States, 3 Institute for Integrative Toxicology, Michigan State University,
East Lansing, MI, United States, 4 Department of Pharmacology and Toxicology, Michigan State University, East Lansing,
MI, United States, 5 Department of Molecular Bacteriology, Institute of Health Biosciences, University of Tokushima Graduate
School, Tokushima, Japan

Environmental toxicants such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), an aryl
hydrocarbon receptor (AhR), are known to induce host toxicity and structural shifts
in the gut microbiota. Key bacterial populations with similar or opposing functional
responses to AhR ligand exposure may potentially help regulate expression of genes
associated with immune dysfunction. To examine this question and the mechanisms
for AhR ligand-induced bacterial shifts, C57BL/6 gnotobiotic mice were colonized
with and without segmented filamentous bacteria (SFB) – an immune activator. Mice
were also colonized with polysaccharide A producing Bacteroides fragilis – an immune
suppressor to serve as a commensal background. Following colonization, mice were
administered TCDD (30 µg/kg) every 4 days for 28 days by oral gavage. Quantified with
the nCounter R© mouse immunology panel, opposing responses in ileal gene expression
(e.g., genes associated with T-cell differentiation via the class II major histocompatibility
complex) as a result of TCDD dosing and SFB colonization were observed. Genes that
responded to TCDD in the presence of SFB did not show a significant response in
the absence of SFB, and vice versa. Regulatory T-cells examined in the mesenteric
lymph-nodes, spleen, and blood were also less impacted by TCDD in mice colonized
with SFB. TCDD-induced shifts in abundance of SFB and B. fragilis compared with
previous studies in mice with a traditional gut microbiome. With regard to the mouse
model colonized with individual populations, results indicate that TCDD-induced host
response was significantly modulated by the presence of SFB in the gut microbiome,
providing insight into therapeutic potential between AhR ligands and key commensals.

Keywords: TCDD, segmented filamentous bacteria, gnotobiotic mice, regulatory T-cells, gut dysbiosis,
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INTRODUCTION

Dysbiosis of certain key immune modulating commensals can
influence host disposition to disease and environmental exposure
(Snedeker and Hay, 2012). Specific individual bacterial groups
can also revive or influence differentiation of T-cells observed
in germ free or antibiotic-treated mice (Faith et al., 2014; Sefik
et al., 2015; Honda and Littman, 2016). For example, multiple
immune activating strains isolated from mice and human stool
including segmented filamentous bacteria (SFB) induce Th17 cells
in animal studies (Gaboriau-Routhiau et al., 2009; Ivanov et al.,
2009; Atarashi et al., 2015; Tan et al., 2016). Alternatively, bacteria
such as Bacteroides fragilis promote the expression of Treg cells
through polysaccharide A (PSA) production (Troy and Kasper,
2010). Dysregulation of Treg/Th17 cells can lead to various disease
outcomes (Hand and Belkaid, 2010; Ivanov and Littman, 2010).
For example, Helicobacter pylori succeeds in colonizing the gut
by causing changes in both Treg and Th17 cells (Kao et al., 2010).
Thus imbalanced levels of T-cells can influence protection against
pathogens or autoimmune diseases (Fantini et al., 2007; Peck and
Mellins, 2010).

Attention to environmental exposure such as dioxins
and other persistent organic pollutants has increased due
to possible contributions to autoimmune diseases (Hertz-
Picciotto et al., 2008), among others such as developmental
disorders (Lee et al., 2007), obesity (Ibrahim et al., 2011), and
diabetes (Taylor et al., 2013). Mediated in part through the
aryl hydrocarbon receptor (AhR), 2,3,7,8-tetrachlorodibenzo-
p-dioxin (TCDD, a porotype for studying the bioactivity
for AhR) and other dioxins promote multiple toxic health
effects including immune suppression (Kerkvliet et al., 2002,
2009). Thus, AhR ligands are also critically linked to the
balance of Treg/Th17 cells (Ho and Steinman, 2008; Mustafa
et al., 2008; Quintana et al., 2008; Veldhoen et al., 2008;
Chmill et al., 2010; Marshall and Kerkvliet, 2010; Veldhoen
and Duarte, 2010; Zhang et al., 2010). For example, AhR
ligands have been shown to abrogate inflammation caused
by Crohn’s disease (Benson and Shepherd, 2011), which may
in part be initially caused by commensal dysbiosis. While
not completely understood, the pleiotropy type relationship
between AhR modulating environmental toxicants, host, and
gut commensals may potentially be employed to therapeutically
modulate health.

Emerging studies also suggest that environmental toxicants
such as TCDD (Lefever et al., 2016; Stedtfeld et al., 2017b)
and other AhR ligands interact with gut commensals (Hubbard
et al., 2015; Zhang et al., 2015; Murray et al., 2016). Previous
murine studies with a traditional gut microbiome found that
TCDD induced structural shifts in key bacterial populations; with
increasing abundance of SFB (Bhaduri, 2015; Stedtfeld et al.,
2017a) and decreasing abundance of Bacteroidetes in response
to TCDD (Lefever et al., 2016). Known opposing T-cell host
responses to SFB and exposure to TCDD suggest that expansion
of SFB could potentially abrogate or lessen TCDD-induced
toxicity and differentiation of regulatory T-cells (Marshall et al.,
2008; Ivanov et al., 2009). It was also unknown if SFB response
was due to structural shifts in other bacterial populations (e.g.,

decreased abundance in Bacteroidetes), or due to TCDD-induced
shifts in the host.

To answer these questions and examine the modulatory
potential of an immune activating bacteria in animals exposed to
TCDD, gnotobiotic mice were colonized with and without SFB.
Mice were also colonized with immune suppressing (Round and
Mazmanian, 2010; Troy and Kasper, 2010; Atarashi et al., 2011)
PSA producing B. fragilis to serve as a commensal background.
A separate group of mice was also mono-colonized with SFB or
non-colonized to further verify the modulatory potential.

MATERIALS AND METHODS

Animal Models and Bacterial Cocktails
Germ-free female C57BL/6 mice were bred and maintained at
the Germ-Free Mouse Facility housed in the Unit for Laboratory
Animal Medicine at the University of Michigan (Ann Arbor,
MI, United States) and maintained in germ-free isolators.
Mice were orally colonized with bacteria 4–6 weeks after birth
(Supplementary Figure S1). TCDD dosing started 4 weeks after
colonization. A previously described TCDD dosing regimen of
30 µg/kg (AccuStandard, New Haven, CT, United States) by oral
gavage once every 4 days for 28 days (Fader et al., 2015; Nault
et al., 2015) was used. Mice were dosed by oral gavage with
0.1 ml of sesame oil vehicle control (Sigma–Aldrich, St. Louis,
MO, United States) or TCDD in sesame oil vehicle.

Results shown in this study are based on the following two
experiments and animal numbers: Experiment 1 consisted of
untreated (vehicle) with B. fragilis mono-colonization (n = 4),
TCDD treated with B. fragilis mono-colonization (n = 4), an
untreated (vehicle) with co-colonization of SFB and B. fragilis
groups (n = 4), and TCDD-treated with co-colonization of both
groups (n= 4).

To further verify modulation potential of SFB, experiments
were replicated in the absence of B. fragilis including untreated
(vehicle) uncolonized (UC; n = 4), TCDD-treated UC (n = 4),
untreated (vehicle) with SFB mono-colonization (n = 4), and
TCDD-treated with SFB mono-colonization (n = 4). One
untreated mouse mono-colonized with SFB and one co-colonized
treated mouse died prior to sacrifice. Mice had access to sterile
water and food ad libitum. All animals received humane care
in compliance with the animal use protocol approved by the
University of Michigan, U of M Animal Welfare Assurance
(A3114-01). Handling of blood and tissue exposed to TCDD
was carried out as per MSU’s Environmental Health and Safety
approved protocols under AUF numbers 02/14-030-00.

Bacteroides fragilis (DSM 2151) used for colonization was
grown in Brucella broth (AS-105, Anaerobe Systems, Morgan
Hill, CA, United States). Candidatus Savagella SFB-mouse-Japan,
isolated as described previously (Kuwahara et al., 2011), was
used for SFB groups. SFB was provided through an MTA
between MSU and Kagawa University, Japan (No. AGR2015-
00006 Kagawa University) and used as per approved protocols for
handling BSL2 organisms. Prior to the association of bacteria into
germ-free mice, qPCR was used to estimate abundance of bacteria
and confirmed by Sanger sequencing of the 16S rRNA gene to
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ensure correct bacterial species. qPCR reactions included 1 ng
of DNA extracted from fecal pellets, 18 µl Master Mix, and 1 µl
of 10 mM primer mix in a 20 µl reaction. PCR conditions were
as previously described (Bouskra et al., 2008). Briefly, cycling
consisted of an initial 95◦C for 5 min, 40 cycles of 95◦C for
55 s, 60◦C for 55 s, and 72◦C for 1.5 min. Amplicons from three
biological replicates (used for oral gavage) were purified using the
Qiagen PCR purification kit and sequenced using the 96-capillary
electrophoretic ABI 3730xl platform. Sequenced samples showed
99% identity with published mouse SFB sequences in the NCBI
database (Accession Numbers: CP008713.1, AP012209.1, and
AP012202.1). B. fragilis colonized groups were also inoculated
with additional commensals including Faecalibacterium
prausnitzii DSM 17677, Ruminococcus bromii Strain VPI 6883,
R. obeum DSM 25238, Butyrivibrio fibrisolvens DSM 3071,
and Eubacterium rectale DSM 17629 to serve as a background;
however, only B. fragilis and SFB colonized to detectable levels in
matrices tested.

Collection of Fecal Pellets and Isolation
of Tissue
Fresh fecal pellets were collected and analyzed every 8 days to
ensure colonization, no contamination of unwanted bacterial
groups, and examine the influence of TCDD on bacterial
abundance. Fecal pellets were placed in RNA/DNA stabilizer
(Zymo Research Corp, Irvine, CA, United States) and stored in
a −20◦C freezer. Whole blood, spleen, mesenteric lymph nodes,
and intestinal tissues were collected at the time of sacrifice. Mice
were weighed prior to sacrifice. Two intestinal sections were
removed and used for subsequent analysis, including the cecum
and the ileum. For the ileum, a 0.25 cm segment proximal to the
cecum was removed and stored for all animals. For the cecum,
sections of content and tissue were both removed and placed in
the same vial. Intestinal tissue samples were immediately placed
on RNA stabilizer and stored at−80◦C.

Transcriptomic Response Analysis with
qPCR and nCounter R©

RNA was extracted from ileum and cecum of all mice to
evaluate the transcriptome response of SFB and B. fragilis in
response to TCDD and the response of host immune cells. In
detail, the PureLink RNA Mini Kit with Trizol (12183018A,
Ambion/Thermo Fisher Scientific, Waltham, MA, United States)
was used to extract RNA from mouse tissue and content. Two
additional steps were used to digest DNA including the DNase
1 (Invitrogen/Thermo Fisher Scientific, Waltham, MA, United
States) and Turbo DNase I Kit (Life Technologies/Thermo
Fisher Scientific, Waltham, MA, United States). After each step,
isolated RNA was quantified using a Qubit (Life Technologies),
and assessed for purity using the Nanodrop ND-1000 UV–
Vis spectrophotometer (Nanodrop Products, Wilmington, DE,
United States).

2,3,7,8-Tetrachlorodibenzo-p-dioxin-induced expression of
both bacterial members was monitored in the ileum and cecum
using qPCR. For mRNA analysis of bacteria, qPCR primers
were designed from sequences available for the colonized

organisms. Genes targeting SFB functions were selected based
on potential interaction with host immunity (Pamp et al.,
2012) including the putative hemolysin A producing gene
(BAK56433.1), and the putative rubrerythrin producing gene
(BAK56170.1). Primers targeting B. fragilis gene clusters wcfQ
(CAH07088.1) responsible for biosynthesis of PSA (Troutman
et al., 2014) were selected due to known influence in
signaling naïve T-cells differentiation into Treg cells (Troy and
Kasper, 2010). Primers were designed as previously described
(Stedtfeld et al., 2008). Briefly, qPCR primers were designed
from sequences downloaded from NCBI using Primer Express
(Applied Biosystems) default settings; with a maximum length
of 150 bases, and a theoretical melting temperature of 59◦C.
NCBI BLAST analysis (Altschul et al., 1997) was used to check
theoretical specificity of designed primers against the GenBank
database (Supplementary Table S1). cDNA was synthesized via
random primers as instructed in the High Capacity cDNA
Reverse Transcription Kit (Thermo Fisher Scientific, Waltham,
MA, United States). qPCR was performed using a custom
SmartChipTM (Wafergen Biosystems, Fremont, CA, United
States) with species-specific 16S rRNA gene and functional gene
primers (Supplementary Table S1). Briefly, Wafergen’s Custom
SmartChipTM array allows for 5,184 qPCR reactions with 100 nl
volumes to be run in parallel. Sample/primers were dispensed
into the SmartChipTM using a Multi-sample Nano-dispenser
(Wafergen Biosystems, Fremont, CA, United States). PCR
cycling conditions and initial data processing were performed
as previously described (Wang et al., 2014; Stedtfeld et al.,
2016). Amplification reactions on the SmartChipTM consisted
of 1× LightCycler 480 SYBR R© Green I Master Mix (Roche
Inc., United States), nuclease-free PCR-grade water, 50 ng/µl
cDNA template per sample, and 0.5 µM of each forward and
reverse primer. Thermal cycling included an initial denaturation
at 95◦C for 3 min, followed by 40 cycles of denaturation
at 95◦C for 30 s, and annealing at 60◦C for 1 min. Each
primer/sample combination was tested in triplicate. Genetic
copies were estimated as previously described (Looft et al., 2012).
Negative controls with no templates were also included on the
array.

2,3,7,8-Tetrachlorodibenzo-p-dioxin-induced ileal expression
of host maker genes related to immune function was quantified
using the nCounter R© mouse immunology panel. In detail,
200 ng of digested RNA was submitted per sample using
the nCounter R© (NanoString Technologies, Seattle, WA, United
States). NanoString’s nCounter R© mouse immunology panel
contains probes targeting 547 immunology-related mouse genes
(Reis et al., 2011).

qPCR of gDNA from Fecal Pellets
Genomic DNA was also extracted from fecal pellets 18–20 days
after colonization and 21 days after initial treatment (following
the sixth dose of TCDD) using the PowerSoil Extraction Kit
(MoBio). qPCR was performed using species-specific 16S rRNA
gene primers (Supplementary Table S1). Assays were performed
in parallel using the Wafergen SmartChipTM with the same
reaction conditions described above for cDNA; however, only
0.1 ng/µl of gDNA was used per sample. Results showed
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colonization of SFB and B. fragilis in the groups expected to
contain these populations.

Flow Cytometry of Whole Blood,
Splenocytes, and Mesenteric Lymph
Nodes
Regulatory T-cell responses were measured in mesenteric lymph
nodes, blood, and spleen. Trunk blood was collected into
heparin-treated tubes followed by red blood cell lysis using
a standard ACK lysing protocol (BD Biosciences, San Jose,
CA, United States). Whole blood leukocytes were washed and
counted, 1–2 × 106 leukocytes were stained with antibodies for
analysis by flow cytometry. Spleens and mesenteric lymph nodes
were isolated and made into single-cell suspensions by removing
the capsule and connective tissue via mechanical disruption.
Cells were then washed and 1–2 × 106 lymphocytes stained
with antibodies for analysis by flow cytometry. Subsequently, Fc
receptors on peripheral blood, lymph node, and spleen-derived
leukocytes were blocked with an anti-mouse CD16/CD32 (BD
Biosciences, San Jose, CA, United States), and the cells were
stained for extracellular proteins using the following antibodies
(Biolegend, San Diego, CA, United States) CD3, CD4, CD25,
and NK1.1. Samples were incubated for 20 min at 4◦C, and
washed twice with FACS buffer (1× HBSS containing 1% BSA
and 0.1% sodium azide). Next, cells were fixed with Cytofix (BD
Biosciences, San Jose, CA, United States) and resuspended in
FACS buffer. For intercellular protein staining, cells that were
previously fixed after surface staining were permeabilized with
FoxP3 Perm Buffer (Biolegend, San Diego, CA, United States)
by incubating the cells in the perm buffer for 10 min, followed
by the addition of the antibodies (FoxP3 and IL-17F (Biolegend,
San Diego, CA, United States) directly to the cells and incubated
for an additional 30 min at room temperature. Cells were washed
four times in the Perm Buffer and after the last wash cells
were re-suspended in FACs buffer. Cells were analyzed using
a FACSCanto II Flow Cytometer (BD Biosciences, San Jose,
CA, United States) and the data analyzed with Flowjo software
(ver. 8.8.7 Treestar Software, Ashland, OR, United States), with
a gating strategy as shown in Supplementary Figure S2. The
percentage of Th17 cells was near the detection limit in measured
matrices, as the background ranged from 0.001 to 0.08% in whole
blood samples for IL17 staining.

Statistical Analysis and Host/Bacterial
Functional Gene Annotation
qPCR was analyzed for absolute abundance based on mass of
tissue used to extract DNA and extraction yield, or normalized for
relative expression of 16S rRNA gene specific to SFB or B. fragilis.

For data obtained using the nCounter R©, expression counts
were normalized to the geometric mean of multiple housekeeping
genes including Rpl19, Ppia, G6pdx, Tubb5, Alas1, Tbp Gusb,
Hprt, Gapdh (all had %CV <50) with an algorithm developed
by NanoString Technologies. Genes with a maximum normalized
expression count of 10 or less among all colonized groups
were removed. The Shapiro–Wilk test was used to evaluate
normality of data. If necessary, the variance between compared

groups was corrected with the Geisser–Greenhouse method. For
comparison of more than two groups, one-way ANOVA followed
by a multiple comparison Sidak test was performed. When
normal distribution was satisfied, a Student’s t-test was used for
comparing differences between two groups. Otherwise, the non-
parametric Mann–Whitney test was used. Statistical analysis and
some plots were generated using Prism (version 7 for Windows;
GraphPad Software, San Diego, CA, United States), additional
plots were rendered using Excel or Cytoscape v. 3.3.0 (Institute
for Systems Biology, Seattle, WA, United States). Genes were
deemed significantly different if p < 0.05.

Genes that responded to TCDD and colonization were
analyzed for enriched functions using the database for
annotation, visualization, and integrated discovery (DAVID)
v6.8 (Huang et al., 2009a,b). Gene ontology-biological processes
(GO-BPs) were used for clustering the enrichment analysis.
Functional groups with an enrichment score (ES)≥1.3 were
considered significantly enriched, representing the −log scale
geometric mean p < 0.05.

RESULTS

Transcriptomic Response of Ileal
Immune Cells
The influence of SFB on TCDD-induced transcriptomic response
was measured using the nCounter R© mouse immunology panel
(Figure 1 and Supplementary Table S2). Comparisons were made
between groups of mice (Supplementary Figure S1) that remained
uncolonized (UC), mice mono-colonized with B. fragilis (B),
mice mono-colonized with SFB (SFB), and mice co-colonized
with both bacteria (SFB+B) to examine: (i) influence of TCDD
in presence of SFB (SFB+B, Figure 1A) and (ii) influence of
TCDD in absence of SFB (UC and B. fragilis groups, Figure 1B).
The influence of SFB colonization was determined by comparing
vehicle dosed SFB+B vs B groups; and the influence of B. fragilis
was determined by comparing vehicle dosed UC vs B groups.
Results showed that 11 genes were significantly influenced by
TCDD in the presence of SFB (Figure 1A). Nine out of 11
of these genes had an opposing response between TCDD and
SFB colonization, in terms of transcript regulation. The two
genes with similar responses between SFB colonization and
TCDD (cfd, Il2rb) had a conflicting response between TCDD
and colonization of B. fragilis. The influence of SFB on TCDD-
induced host response was further verified in comparing UC with
SFB mono-colonized groups (Supplementary Figure S3).

Nine genes were influenced by TCDD in the absence of SFB
(Figure 1B), all of which were no longer significantly up/down
regulated in the presence of SFB. All nine of the genes influenced
by TCDD in the absence of SFB were up/down regulated in the
same direction as SFB colonization. Influence of SFB colonization
in Figure 1B was measured by comparing SFB vs UC groups.
TCDD-induced responses in groups with and without SFB
exhibited opposing modulation of genes associated with immune
cell function.

A majority of genes that responded to TCDD in
presence/absence of SFB are related to T-cell differentiation
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FIGURE 1 | nCounter R© mouse immunology panel analysis of genes in ileal tissue that were significantly influenced in response to TCDD in mice (A) with SFB, and
(B) without SFB. Line color indicates gene regulation due to TCDD (blue). For comparative analysis of genes significantly influenced by TCDD, fold change
expression due to SFB and B. fragilis colonization is also shown regardless of significance. For comparative analysis of SFB colonization (red), the vehicle dosed
group colonized with B. fragilis was compared with the vehicle dosed group co-colonized with SFB and B. fragilis. For comparative analysis of B. fragilis colonization
(gray), the vehicle dosed group colonized with B. fragilis was compared with the uncolonized vehicle dosed group.

including: Il1β, Ciita, H2-Eb1, and H2-Aa which were
significantly upregulated in response to SFB, and were
downregulated in response to TCDD. These genes encode
the class II, major histocompatibility complex (MHC II),
transactivator, which is required for SFB induction of Th17 cells
(Lecuyer et al., 2012; Goto et al., 2014). The Il1β gene, which
has also been shown to substitute TGFβ in differentiation of
T-cells (Ghoreschi et al., 2010), was also upregulated with SFB
and downregulated with TCDD (Supplementary Figure S3).
In the group without SFB, TCDD induced downregulation of
genes related to T-cells (Traf1) and activation of NF-κB (Tlr3)
and genes related to regulation of IgA and IgM (Fcamr, Pdcd1)
homeostasis (Kawamoto et al., 2012; Ouchida et al., 2012).

Colonization with SFB had a greater overall influence
on immune gene expression compared to TCDD
(Figures 1A,B, 2A). In total, 93 genes were influenced by
SFB colonization; and 83 of these were up-regulated. To identify
the function of genes that responded to colonization and TCDD,
the DAVID v6.8 (Huang et al., 2009a,b) was used. Seven and
zero significant clusters were observed in response to SFB and
B. fragilis colonization, respectively (Figure 2B). Three enriched
clusters functionally associated with T-cell differentiation and
inflammatory response (Figure 2C) were identified from the
genes that responded to TCDD in one or more groups.

Response of Regulatory T Cells
2,3,7,8-Tetrachlorodibenzo-p-dioxin-induced responses to Treg
cells in the mesenteric lymph node, blood, and spleen were

less impacted in the presence of SFB, which is known to
promote differentiation of cytokines toward Th17 cells (Figure 3).
TCDD-induced differentiation of Treg was greater in the
group mono-colonized with PSA producing B. fragilis. The
percent of CD3+ and CD4+ in the spleen and mesenteric
lymph nodes of groups with SFB was also less influenced
by TCDD (Table 1). Colonization and TCDD also tended to
influence Th17 cells in an expected manner; however, Th17
measurements were near the limit of detection (Supplementary
Figure S4).

Response of Colonized Bacteria
qPCR analysis showed that TCDD significantly influenced
the abundance of SFB and B. fragilis in the absence of
other gut commensals (Figure 4). In detail, the absolute
abundance of SFB was significantly higher in response to TCDD
(Figure 4B). Increased SFB abundance was also verified with
gDNA extracted from fecal pellets, and using assays targeting
the SFB fliC functional gene (Supplementary Table S3). Overall,
a 2.8-fold higher level of SFB (p = 0.038) was observed in
response to TCDD. In contrast, the absolute abundance of
B. fragilis, measured using species-specific rplB gene primers,
significantly (p = 0.029) decreased 2.1-fold in mice dosed
with TCDD (Figure 4A). The cecal and ileal abundance of
B. fragilis and SFB did not differ among co-colonized or mono-
colonization groups (Supplementary Table S3). Thus, bacterial
abundances in both groups of mice were plotted and analyzed
concurrently.
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FIGURE 2 | nCounter R© mouse immunology panel analysis and functional response. (A) Genes in ileal tissue that responded to SFB colonization. Line color and
direction indicate upregulated (red) and downregulated (blue) genes. Abbreviations include mice that were mono-colonized with SFB (SFB), mono-colonized with
B. fragilis (B) and co-colonized (SFB+B). (B,C) Functional clusters identified using the DAVID using nCounter R©mouse immunology panel analysis with gene
expression of ileal tissue showing (B) clusters of genes that responded to colonization with SFB, and (C) clusters of genes that responded to TCDD in presence and
absence of SFB. Functional clusters with scores =1.3 were included as significantly enriched.

FIGURE 3 | Percent CD4+ Treg measured in (A) spleen, (B) whole blood, and (C) mesenteric lymph nodes in C57BL/6 female mice after TCDD (30 µg/kg) or vehicle
(sesame oil) treatment by oral gavage once every 4 days for 28 days. Gray bars are TCDD dosed and white bars are vehicle dosed mice. Values represent mean
percent and error bars represent standard error in presence/absence of SFB. P-values are shown between vehicle- (Veh) and TCDD-treated groups.
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Response of Select Functional Genes
from Colonized Bacteria
The expression of select functional SFB and B. fragilis genes was
also quantified via qPCR to examine responses putative to host
interaction. In the ileum of the SFB colonized group, expression
of the hemolysin A producing genes was downregulated in
response to TCDD (Figure 4D and Supplementary Table S3).
Hemolysin A has been shown to decrease the ability of host
cells to phagocytize bacteria and undergo chemotaxis in vitro
(Cavalieri and Snyder, 1982). Host macrophage recruiting genes
were downregulated in the jejunum of mice dosed with TCDD in
previously described studies (Fader et al., 2015). Down-regulation
of this gene was only observed in the SFB mono-colonized group,
as the expression was below the limit of detection in the group
that also had B. fragilis.

Expression of the wcf gene involved in PSA production by
B. fragilis was also measured. In detail, the wcfQ gene was
significantly upregulated in the cecum of the B. fragilis colonized
mice (Figure 4C) in response to TCDD. B. fragilis produce PSA
as a control mechanism to induce regulatory T-cells and create a
more self-tolerable growth environment (Round et al., 2011).

DISCUSSION

Comparative analysis between gnotobiotic mice colonized with
and without SFB was performed to examine modulatory
responses to TCDD. Noting the reductionist approach of the
mouse model colonized with individual populations, the presence
of SFB had an opposing response to TCDD in terms of host ileal
immune gene expression, and helped modulate levels of TCDD-
induced regulatory T-cells in blood, spleen, and mesenteric
lymph nodes.

Opposing Influence of SFB Colonization
and TCDD on Host
Transcriptomic response fell into two categories including:
(i) only responding to TCDD in opposition to SFB
colonization and (ii) only responding to TCDD in the
group without SFB. In the first category, genes influenced
by TCDD would not have differed if had they not
been expressed via colonization of SFB. This is evident
in that none of the MHC II genes were differentially

expressed in response to TCDD in groups without SFB.
Within the second category, SFB reduced impact of
TCDD on host immune gene expression. Verification
of SFB influence in groups without B. fragilis further
verifies opposing responses with TCDD (Supplementary
Figure S3).

A majority of ileal immune genes were down-regulated with
TCDD, with gene expression corresponding with differentiation
of regulatory T-cells. In the presence of SFB, only two genes
were significantly upregulated in response to TCDD (Pparg and
cfd) in the group with background B. fragilis. The peroxisome
proliferator-activated receptor-γ (Pparg) is a nuclear acceptor
that inhibits NFκB activity. The downregulation of this gene has
been associated with ulcerative colitis (Dubuquoy et al., 2003),
and its increased expression correlates with anti-inflammatory
responses, which is akin to what has been observed with
TCDD (Benson and Shepherd, 2011). The genes that responded
to TCDD in the absence of SFB (e.g., Il12rb2, Cd36) also
regulate the number of regulatory T-cells and suppression of
an inflammatory response (Zhao et al., 2008; Cecil et al.,
2009).

Influence of T-Cell Response in Health
2,3,7,8-Tetrachlorodibenzo-p-dioxin-induced response of
regulatory T-cells in the mesenteric lymph nodes was less
impacted in groups colonized with SFB, extending to blood
and spleen matrices beyond the gut (Figure 3). Differences in
regulatory T-cell responses among the colonized groups further
indicate the influence of gut commensals on host disposition
to TCDD. The impact of TCDD on regulatory T-cells has been
shown to influence susceptibility to infection in the gut (Thigpen
et al., 1975). However, the modulatory influence of SFB or
Th17 inducers isolated from human stool (Tan et al., 2016) may
help modulate susceptibility to bacterial infection and abrogate
TCDD-induced response.

TCDD-Induced Host Response Favors
SFB
2,3,7,8-Tetrachlorodibenzo-p-dioxin-induced down-regulation
of host immune genes that were activated with SFB colonization
may provide a more favorable environment for SFB proliferation.
This is evident in opposing functional inflammatory responses.
Previous studies have found that mice deficient in mucosal

TABLE 1 | Body weight and T-cell number (CD3+ and CD4+) in spleen, blood, and mesenteric lymph nodes (lymph) after TCDD (30 µg/kg) or vehicle (sesame oil)
treatment of mice by oral gavage once every 4 days for 28 days.

Group Mouse wt (mg) %CD3+ lymph %CD4+ lymph %CD3+ spleen %CD4+ spleen %CD3+ blood %CD4+ blood

UC Veh 28.3 ± 0.8 48.2 ± 3.2 27.3 ± 1.4 27.8 ± 1.3 14.8 ± 0.9 18.0 ± 1.7 10.5 ± 0.6

B Veh 27.1 ± 0.6 45.2 ± 9.5 18.7 ± 4.6 29.2 ± 1.0 17.0 ± 0.6 22.9 ± 5.6 11.5 ± 2.9

SFB+B Veh 28.5 ± 0.6 48.8 ± 3.9 25.7 ± 2.2 25.0 ± 2.3 12.5 ± 1.4 20.7 ± 1.8 9.6 ± 1.0

UC TCDD 25.3 ± 0.6∗ 43.1 ± 3.6 20.4 + 2.1 19.9 ± 2.5∗ 10.3 ± 1.2∗ 20.8 ± 2.3 9.8 ± 1.0

B TCDD 24.5 ± 1.0∗ 72.9 ± 1.5∗ 34.6 ± 1.1∗ 23.9 ± 1.2∗ 13.7 ± 1.0∗ 20.7 ± 0.9 10.0 ± 1.0

SFB+B TCDD 26.1 ± 0.8∗ 49.1 ± 4.0 25.6 ± 1.9 24.3 ± 2.3 12.8 ± 1.2 25.0 ± 2.0 12.0 ± 1.0

Numbers indicate mean and standard error. Abbreviations identify mice that remained uncolonized (UC) or were mono-colonized with B. fragilis (B) and co-colonized
(SFB+B). Vehicle dosed mice (Veh) and TCDD dosed mice (TCDD). ∗Significant difference between TCDD and vehicle-dosed groups (p < 0.05).
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immunity maintainers displayed a 10-fold increase in SFB
abundance in fecal pellets (Upadhyay et al., 2012). Studies
have also shown that mice lacking an enzyme critical to the
production of IgA had an overgrowth of SFB despite the presence
of other commensal organisms (Suzuki et al., 2004). TCDD also
tended to reduce expression of the flagella receptor Toll-like
receptor 5 gene TLR5 gene 2.0-fold (p = 0.06) in the ileum
of UC mice. Increased levels of flagella producing bacterial
members have previously been observed in mice lacking the
TLR5 gene (Cullender et al., 2013). As such, TCDD appears to
repress host immune cell gene expression in the gut, permitting
proliferation of SFB. Downregulation of mRNA from measured
SFB functional genes putative to evasion from host defense has
similar implications.

A similar shift in SFB abundance was also observed in mice
with a traditional gut microbiome; however, it was unknown if
this was due to the expansion of other bacterial populations or
changes in nutrients caused by commensal fluctuations. In detail,
previous studies described an increased ratio of Firmicutes to
Bacteroidetes in response to TCDD (Lefever et al., 2016; Stedtfeld
et al., 2017a), and higher levels of Proteobacteria (Stedtfeld
et al., 2017b). The expansion in these predominantly flagella
producing groups (Lozupone et al., 2012) may in part influence

the relative levels of Bacteroidetes and SFB. However, similar
shifts in both bacteria in the gnotobiotic mice indicate this
response can occur solely via TCDD-induced modulation of the
host.

TCDD-Induced Host Response
Influences B. fragilis
The abundance of B. fragilis decreased in response to TCDD
in the gnotobiotic mice. While the reduced abundance of
Bacteroidetes was previously observed in TCDD-dosed mice with
a traditional gut microbiome (Bhaduri, 2015; Lefever et al.,
2016), the causation for this dysregulation is unclear. Previous
studies performed by Round et al. (2011) suggest that B. fragilis
favors an immunosuppressed environment, and that expression
of B. fragilis PSA is a defense or colonization mechanism to
increase differentiations of Treg cells. In accordance, it would
seem that PSA-producing genes should be downregulated to
balance the levels of Treg cells induced by TCDD. However, the
upregulation of mRNA genes clusters related to the production of
PSA indicates that B. fragilis are in a state of distress in response
to TCDD. In addition, TCDD did not significantly influence
the abundance of Bacteroidetes or other key commensals when
tested in vitro in this (Supplementary Figure S5) or previously

FIGURE 4 | Bacteroides fragilis and SFB abundance and selected functional gene expression based on isolated RNA. (A) Absolute abundance of B. fragilis
expression measured with specific rplB gene primers in cecum content from respective groups. (B) Absolute abundance of SFB expression using species-specific
16S rRNA gene primers from ileum of respective groups. (C) PSA biosynthesizing wcfQ gene normalized expression, measured with cecum content from respective
groups. (D) SFB functional genes putative to interaction with host immunity (hemolysin A producing gene) normalized expression, measured with ileal RNA from SFB
mono-colonized mice. SFB functional genes in co-colonized group are not included as the genes were expressed below detection limit in two or more biological
replicates. Bars represent mean normalized abundance. Open dots indicate mono-colonized groups, closed dots indicate co-colonized groups. Abbreviations
include vehicle dosed (Veh) and TCDD treated (TCDD).
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described studies (Lefever et al., 2016). Collectively, shifts in
B. fragilis function and abundance also appear to be the result of
TCDD-elicited changes in host.

Relevance of TCDD Dose
Considering a half-life of 7–11 days for TCDD (Gasiewicz
et al., 1983; Birnbaum, 1986), mice in this study had an
estimated concentration of 60.5–90.7 µg/kg TCDD at sacrifice.
One previously measured human exposure event resulted in
comparable levels; with lipid-adjusted blood levels of 56 µg/kg
TCDD in children near a 1976 plant accident in Seveso, Italy
(Bertazzi et al., 1993). In addition, the lowest observable effect
level of TCDD on inhibiting an immune response (IgM secretion)
was lower in human (0.3 nM) than mice (3 nM) in lymphocytes
tissue tested in vitro (Wood et al., 1993). We have also observed
significantly higher levels of SFB at doses ≥1.0 µg/kg TCDD
in other studies (Bhaduri, 2015). Thus, similar responses to
those described here may occur with 10- to 100-fold less
TCDD, warranting additional experiments. While environmental
levels of TCDD are typically lower than that used in this
study and are thought to be decreasing in the environment,
cumulative exposure to other AhR ligands such as polyaromatic
hydrocarbons and flame retardants is increasing (Lim et al., 2008;
Wiseman et al., 2011).

TCDD versus Other AhR Ligands
The AhR ligand response demonstrated in this study differs
from those published by Zhang et al. (2015). In detail,
their study with wild-type mice orally dosed with 2,3,7,8-
tetrachlorodibenzofuran (TCDF), a less potent AhR activator,
heightened host inflammation, reduced levels of SFB, and
increased abundance of Bacteroidetes over Firmicutes. However,
our results showed reduced levels of host immune gene
expression, which has also been previously described in the
jejunum in response to TCDD (Fader et al., 2015) and AhR
activation (Monteleone et al., 2013). Dissimilar responses may
be due to differences in AhR ligand potency, which has been
reported in a study comparing TCDD and 6-formylindolo[3,2-
b]carbazole (Farmahin et al., 2016). Future studies addressing
AhR activity and influence to host and gut microbes in response
to different ligands throughout the gut are necessary (Zhang et al.,
2017).

Differences in Murine and Human Models
Before inferring if TCDD and presence/absence of SFB would
have a similar influence on humans compared to the murine
model, both the host and microbial phenotype must be
considered. Differences in host phenotype have been described
previously (Kreisman and Cobb, 2011), with varied gene
expression in response to TCDD depending on the measured
tissue and host species (Kovalova et al., 2017). In regards to
microbiota, recent meta-analysis has shown that 90 and 89%
of bacterial phyla and genera, respectively, are shared between
mice and the human gut microbiota (Krych et al., 2013), with
the most abundant bacterial species being common in both.
Studies examining the presence of SFB in human microbiome
have conflicting results (Klaasen et al., 1993; Qin et al., 2010;

Caselli et al., 2013; Yin et al., 2013; Shukla et al., 2015), which
may be due to variability in the methods or matrices used for
measuring SFB. However, immune-activating bacterial groups
isolated from human gut microbiome appear to have a similar
response to SFB in the capacity to differentiate T-cells in mice
(Tan et al., 2016). Commercially available probiotic consortia
have also been shown to contain Th17 cell inducers in mice (Tan
et al., 2016), highlighting the therapeutic potential of immune-
activating bacteria to modulate host response to TCDD.

Collectively, the presence of SFB significantly influenced host
response to TCDD in the matrices measured. TCDD exposure
also appeared to provide a more favorable environment for SFB.
B. fragilis also responded to TCDD-induced shifts in the host,
expressing higher levels of the wcfQ gene, a PSA-producing
gene cluster. TCDD did not appear to influence abundance of
these bacterial groups in vitro in TCDD-dosed batch reactors
(Supplementary Figure S5), further suggesting that the bacterial
response of SFB and B. fragilis is in part due to TCDD induced
influences on the host.

Follow-up studies are underway to further elucidate causation
of functional dysbiosis with B. fragilis. This will include the
analysis of additional genes related to host interaction and
immune tolerance. Further identification of key bacterial species
and functional genes may facilitate attempts to manipulate the
intestinal microbiome toward a protective and healthy state.
Future studies will also examine the ability of other human
bacterial commensals to influence TCDD-induced response
in the absence of SFB. These studies may lead to new
therapeutic approaches to treat intestinal pathogens and resulting
autoimmune diseases.

AUTHOR CONTRIBUTIONS

RS, TS, and SH wrote the manuscript; RS, SH, JT, NK, RC, JC,
and TK contributed to experimental design; and SH, BC, RC, TS,
RS, SX, and MW aided in collection of tissue, measurements, and
data analysis.

FUNDING

This work was supported by the National Institute of
Environmental Health Sciences Superfund Basic Research
Program (NIEHS SBRP P42ES04911) with contributions from
Project 1, 4, 5, and Core-B.

ACKNOWLEDGMENT

We would like to thank Kathryn Eaton and her laboratory team
at the University of Michigan Germ Free Facility.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: http://journal.frontiersin.org/article/10.3389/fmicb.2017.
01708/full#supplementary-material

Frontiers in Microbiology | www.frontiersin.org 9 September 2017 | Volume 8 | Article 1708

http://journal.frontiersin.org/article/10.3389/fmicb.2017.01708/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fmicb.2017.01708/full#supplementary-material
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive


fmicb-08-01708 September 5, 2017 Time: 16:57 # 10

Stedtfeld et al. SFB Influences TCDD-Induced Host Response

REFERENCES
Altschul, S. F., Madden, T. L., Schäffer, A. A., Zhang, J., Zhang, Z., Miller, W., et al.

(1997). Gapped BLAST and PSI-BLAST: a new generation of protein database
search programs. Nucleic Acids Res. 25, 3389–3402. doi: 10.1093/nar/25.17.3389

Atarashi, K., Tanoue, T., Ando, M., Kamada, N., Nagano, Y., Narushima, S., et al.
(2015). Th17 cell induction by adhesion of microbes to intestinal epithelial cells.
Cell 163, 367–380. doi: 10.1016/j.cell.2015.08.058

Atarashi, K., Tanoue, T., Shima, T., Imaoka, A., Kuwahara, T., Momose, Y., et al.
(2011). Induction of colonic regulatory T Cells by indigenous Clostridium
species. Science 331, 337–341. doi: 10.1126/science.1198469

Benson, J. M., and Shepherd, D. M. (2011). Aryl hydrocarbon receptor activation
by TCDD reduces inflammation associated with Crohn’s Disease. Toxicol. Sci.
120, 68–78. doi: 10.1093/toxsci/kfq360

Bertazzi, P. A., Pesatori, A. C., Consonni, D., Tironi, A., Landi, M. T., and
Zocchetti, C. (1993). Cancer incidence in a population accidentally exposed to
2,3,7,8-tetrachlorodibenzo-para-dioxin. Epidemiology 4, 398–406. doi: 10.1097/
00001648-199309000-00004

Bhaduri, P. (2015). Exposure to 2, 3, 7, 8-Tetrachlorodibenzo-p-Dioxin Differentially
Impacts Key Members of Mice Gut Microbiome. East Lansing, MI: Michigan
State University.

Birnbaum, L. S. (1986). Distribution and excretion of 2,3,7,8-tetrachlorodibenzo-
p-dioxin in congenic strains of mice which differ at the Ah locus. Drug Metab.
Dispos. 14, 34–40.

Bouskra, D., Brézillon, C., Bérard, M., Werts, C., Varona, R., Boneca, I. G.,
et al. (2008). Lymphoid tissue genesis induced by commensals through
NOD1 regulates intestinal homeostasis. Nature 456, 507–510. doi: 10.1038/
nature07450

Caselli, M., Tosini, D., GafÃ, R., Gasbarrini, A., and Lanza, G. (2013). Segmented
filamentous bacteria-like organisms in histological slides of ileo-cecal valves in
patients with ulcerative colitis. Am. J. Gastroenterol. 108, 860–861. doi: 10.1038/
ajg.2013.61

Cavalieri, S., and Snyder, I. (1982). Effect of Escherichia coli alpha-hemolysin on
human peripheral leukocyte function in vitro. Infect. Immun. 37, 966–974.

Cecil, D., Appleton, C., Polewski, M., Mort, J., Schmidt, A., Bendele, A., et al.
(2009). The pattern recognition receptor CD36 is a chondrocyte hypertrophy
marker associated with suppression of catabolic responses and promotion
of repair responses to inflammatory stimuli. J. Immunol. 182, 5024–5031.
doi: 10.4049/jimmunol.0803603

Chmill, S., Kadow, S., Winter, M., Weighardt, H., and Esser, C. (2010). 2,3,7,8-
Tetrachlorodibenzo-p-dioxin impairs stable establishment of oral tolerance in
mice. Toxicol. Sci. 118, 98–107. doi: 10.1093/toxsci/kfq232

Cullender, T. C., Chassaing, B., Janzon, A., Kumar, K., Muller, C. E., Werner, J. J.,
et al. (2013). Innate and adaptive immunity interact to quench microbiome
flagellar motility in the gut. Cell Host Microbe 14, 571–581. doi: 10.1016/j.chom.
2013.10.009

Dubuquoy, L., Jansson, E. A., Deeb, S., Rakotobe, S., Karoui, M., Colombel, J. F.,
et al. (2003). Impaired expression of peroxisome proliferator-activated receptor
gamma in ulcerative colitis. Gastroenterology 124, 1265–1276. doi: 10.1016/
S0016-5085(03)00271-3

Fader, K. A., Nault, R., Ammendolia, D. A., Harkema, J. R., Williams, K. J.,
Crawford, R. B., et al. (2015). 2, 3, 7, 8-Tetrachlorodibenzo-p-Dioxin (TCDD)
alters lipid metabolism and depletes immune cell populations in the jejunum of
C57BL/6 mice. Toxicol. Sci. 148, 567–580. doi: 10.1093/toxsci/kfv206

Faith, J., Ahern, P., Ridaura, V., Cheng, J., and Gordon, J. (2014). Identifying
gut microbe-host phenotype relationships using combinatorial communities
in gnotobiotic mice. Sci. Transl. Med. 6, 220ra11. doi: 10.1126/scitranslmed.
3008051

Fantini, M., Rizzo, A., Fina, D., Caruso, R., Becker, C., Neurath, M., et al. (2007).
IL-21 regulates experimental colitis by modulating the balance between Treg
and Th17 cells. Eur. J. Immunol. 37, 3155–3163. doi: 10.1002/eji.200737766

Farmahin, R., Crump, D., O’Brien, J. M., Jones, S. P., and Kennedy, S. W. (2016).
Time-dependent transcriptomic and biochemical responses of 6-Formylindolo
[3, 2-b] carbazole (FICZ) and 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin (TCDD)
are explained by AHR activation time. Biochem. Pharmacol. 115, 134–143.
doi: 10.1016/j.bcp.2016.06.005

Gaboriau-Routhiau, V., Rakotobe, S., Lecuyer, E., Mulder, I., Lan, A.,
Bridonneau, C., et al. (2009). The key role of segmented filamentous bacteria

in the coordinated maturation of gut helper T cell responses. Immunity 31,
677–689. doi: 10.1016/j.immuni.2009.08.020

Gasiewicz, T., Geiger, L., Rucc, G., and Neal, R. (1983). Distribution, excretion, and
metabolism of 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin in C57BL/6J, DBA/2J, and
B6D2F1/J mice. Drug Metab. Dispos. 11, 397–403.

Ghoreschi, K., Laurence, A., Yang, X., Tato, C. M., Mcgeachy, M. J., Konkel, J. E.,
et al. (2010). Generation of pathogenic TH17 cells in the absence of TGF-β
signalling. Nature 467, 967–971. doi: 10.1038/nature09447

Goto, Y., Panea, C., Nakato, G., Cebula, A., Lee, C., Diez, M. G., et al. (2014).
Segmented filamentous bacteria antigens presented by intestinal dendritic cells
drive mucosal Th17 cell differentiation. Immunity 40, 594–607. doi: 10.1016/j.
immuni.2014.03.005

Hand, T., and Belkaid, Y. (2010). Microbial control of regulatory and effector T cell
responses in the gut. Curr. Opin. Immunol. 22, 63–72. doi: 10.1016/j.coi.2010.
01.008

Hertz-Picciotto, I., Park, H., Dostal, M., Kocan, A., Trnovec, T., and Sram, R.
(2008). Prenatal exposures to persistent and non-persistent organic compounds
and effects on immune system development. Basic Clin. Pharmacol. Toxicol.
102, 146–154. doi: 10.1111/j.1742-7843.2007.00190.x

Ho, P. P., and Steinman, L. (2008). The aryl hydrocarbon receptor: a regulator
of Th17 and Treg cell development in disease. Cell Res. 18, 605–608.
doi: 10.1038/cr.2008.63

Honda, K., and Littman, D. R. (2016). The microbiota in adaptive immune
homeostasis and disease. Nature 535, 75–84. doi: 10.1038/nature18848

Huang, D. W., Sherman, B. T., and Lempicki, R. A. (2009a). Bioinformatics
enrichment tools: paths toward the comprehensive functional analysis of large
gene lists. Nucleic Acids Res. 37, 1–13. doi: 10.1093/nar/gkn923

Huang, D. W., Sherman, B. T., and Lempicki, R. A. (2009b). Systematic and
integrative analysis of large gene lists using DAVID bioinformatics resources.
Nat. Protoc. 4, 44–57. doi: 10.1038/nprot.2008.211

Hubbard, T., Murray, I., Bisson, W., Lahoti, T., Gowda, K., Amin, S.,
et al. (2015). Adaptation of the human aryl hydrocarbon receptor to
sense microbiota-derived indoles. Sci. Rep. 5:12689. doi: 10.1038/srep
12689

Ibrahim, M., Fjære, E., Lock, E., Naville, D., Amlund, H., Meugnier, E., et al.
(2011). Chronic consumption of farmed salmon containing persistent organic
pollutants causes insulin resistance and obesity in mice. PLoS ONE 6:e25170.
doi: 10.1371/journal.pone.0025170

Ivanov, I., and Littman, D. (2010). Segmented filamentous bacteria take the stage.
Mucosal Immunol. 3, 209–212. doi: 10.1038/mi.2010.3

Ivanov, I. I., Atarashi, K., Manel, N., Brodie, E. L., Shima, T., Karaoz, U., et al.
(2009). Induction of intestinal Th17 cells by segmented filamentous bacteria.
Cell 139, 485–498. doi: 10.1016/j.cell.2009.09.033

Kao, J., Zhang, M., Miller, M., Mills, J., Wang, B., Liu, M., et al. (2010). Helicobacter
pylori immune escape is mediated by dendritic cell-induced Treg skewing and
Th17 suppression in mice. Gastroenterology 138, 1046–1054. doi: 10.1053/j.
gastro.2009.11.043

Kawamoto, S., Tran, T., Maruya, M., Suzuki, K., Doi, Y., Tsutsui, Y., et al. (2012).
The inhibitory receptor PD-1 regulates IgA selection and bacterial composition
in the gut. Science 336, 485–489. doi: 10.1126/science.1217718

Kerkvliet, N. I., Shepherd, D. M., and Baecher-Steppan, L. (2002). T lymphocytes
are direct, aryl hydrocarbon receptor (AhR)-dependent targets of 2, 3, 7,
8-tetrachlorodibenzo-p-dioxin (TCDD): AhR expression in both CD4+ and
CD8+ T cells is necessary for full suppression of a cytotoxic T lymphocyte
response by TCDD. Toxicol. Appl. Pharmacol. 185, 146–152. doi: 10.1006/taap.
2002.9537

Kerkvliet, N. I., Steppan, L. B., Vorachek, W., Oda, S., Farrer, D., Wong, C. P.,
et al. (2009). Activation of aryl hydrocarbon receptor by TCDD prevents
diabetes in NOD mice and increases Foxp3+ T cells in pancreatic lymph nodes.
Immunotherapy 1, 539–547. doi: 10.2217/imt.09.24

Klaasen, H., Koopman, J. P., Van den Brink, M. E., Bakker, M. H., Poelma,
F. G. J., and Beynen, A. C. (1993). Intestinal, segmented, filamentous bacteria
in a wide range of vertebrate species. Lab. Anim. 27, 141–150. doi: 10.1258/
002367793780810441

Kovalova, N., Nault, R., Crawford, R., Zacharewski, T., and Kaminski, N. (2017).
Comparative analysis of TCDD-induced AhR-mediated gene expression in
human, mouse and rat primary B cells. Toxicol. Appl. Pharmacol. 316, 95–106.
doi: 10.1016/j.taap.2016.11.009

Frontiers in Microbiology | www.frontiersin.org 10 September 2017 | Volume 8 | Article 1708

https://doi.org/10.1093/nar/25.17.3389
https://doi.org/10.1016/j.cell.2015.08.058
https://doi.org/10.1126/science.1198469
https://doi.org/10.1093/toxsci/kfq360
https://doi.org/10.1097/00001648-199309000-00004
https://doi.org/10.1097/00001648-199309000-00004
https://doi.org/10.1038/nature07450
https://doi.org/10.1038/nature07450
https://doi.org/10.1038/ajg.2013.61
https://doi.org/10.1038/ajg.2013.61
https://doi.org/10.4049/jimmunol.0803603
https://doi.org/10.1093/toxsci/kfq232
https://doi.org/10.1016/j.chom.2013.10.009
https://doi.org/10.1016/j.chom.2013.10.009
https://doi.org/10.1016/S0016-5085(03)00271-3
https://doi.org/10.1016/S0016-5085(03)00271-3
https://doi.org/10.1093/toxsci/kfv206
https://doi.org/10.1126/scitranslmed.3008051
https://doi.org/10.1126/scitranslmed.3008051
https://doi.org/10.1002/eji.200737766
https://doi.org/10.1016/j.bcp.2016.06.005
https://doi.org/10.1016/j.immuni.2009.08.020
https://doi.org/10.1038/nature09447
https://doi.org/10.1016/j.immuni.2014.03.005
https://doi.org/10.1016/j.immuni.2014.03.005
https://doi.org/10.1016/j.coi.2010.01.008
https://doi.org/10.1016/j.coi.2010.01.008
https://doi.org/10.1111/j.1742-7843.2007.00190.x
https://doi.org/10.1038/cr.2008.63
https://doi.org/10.1038/nature18848
https://doi.org/10.1093/nar/gkn923
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1038/srep12689
https://doi.org/10.1038/srep12689
https://doi.org/10.1371/journal.pone.0025170
https://doi.org/10.1038/mi.2010.3
https://doi.org/10.1016/j.cell.2009.09.033
https://doi.org/10.1053/j.gastro.2009.11.043
https://doi.org/10.1053/j.gastro.2009.11.043
https://doi.org/10.1126/science.1217718
https://doi.org/10.1006/taap.2002.9537
https://doi.org/10.1006/taap.2002.9537
https://doi.org/10.2217/imt.09.24
https://doi.org/10.1258/002367793780810441
https://doi.org/10.1258/002367793780810441
https://doi.org/10.1016/j.taap.2016.11.009
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive


fmicb-08-01708 September 5, 2017 Time: 16:57 # 11

Stedtfeld et al. SFB Influences TCDD-Induced Host Response

Kreisman, L. S. C., and Cobb, B. A. (2011). Glycoantigens induce human peripheral
Tr1 cell differentiation with gut-homing specialization. J. Biol. Chem. 286,
8810–8818. doi: 10.1074/jbc.M110.206011

Krych, L., Hansen, C. H. F., Hansen, A. K., van den Berg, F. W. J., and Nielsen, D. S.
(2013). Quantitatively different, yet qualitatively alike: a meta-analysis of the
mouse core gut microbiome with a view towards the human gut microbiome.
PLoS ONE 8:e62578. doi: 10.1371/journal.pone.0062578

Kuwahara, T., Ogura, Y., Oshima, K., Kurokawa, K., Ooka, T., Hirakawa, H.,
et al. (2011). The lifestyle of the segmented filamentous bacterium:
a non-culturable gut-associated immunostimulating microbe inferred by
whole-genome sequencing. DNA Res. 18, 291–303. doi: 10.1093/dnares/
dsr022

Lecuyer, E., Rakotobe, S., Lebreton, C., Picard, M., Mccoy, K. D., Macpherson,
A. J., et al. (2012). Segmented filamentous bacterium uses secondary
and tertiary lymphoid tissues to induce Gut IgA and specific T helper
17 cell responses. Immunity 17, 457–459. doi: 10.1016/j.immuni.2014.
03.009

Lee, D., Jacobs, D., and Porta, M. (2007). Association of serum concentrations
of persistent organic pollutants with the prevalence of learning disability
and attention deficit disorder. J. Epidemiol. Community Health 61, 591–596.
doi: 10.1136/jech.2006.054700

Lefever, D. E., Xu, J., Chen, Y., Huang, G., Tamas, N., and Guo, T. L. (2016). TCDD
modulation of gut microbiome correlated with liver and immune toxicity in
streptozotocin (STZ)-induced hyperglycemic mice. Toxicol. Appl. Pharmacol.
304, 48–58. doi: 10.1016/j.taap.2016.05.016

Lim, J., Lee, D., and Jacobs, D. (2008). Association of brominated flame retardants
with diabetes and metabolic syndrome in the US population, 2003-2004.
Diabetes Care 31, 1802–1807. doi: 10.2337/dc08-0850

Looft, T., Johnson, T. A., Allen, H. K., Bayles, D. O., Alt, D. P., Stedtfeld, R. D., et al.
(2012). In-feed antibiotic effects on the swine intestinal microbiome. Proc. Natl.
Acad. Sci. U.S.A. 109, 1691–1696. doi: 10.1073/pnas.1120238109

Lozupone, C., Faust, K., Raes, J., Faith, J. J., Frank, D. N., Zaneveld, J., et al.
(2012). Identifying genomic and metabolic features that can underlie early
successional and opportunistic lifestyles of human gut symbionts. Genome Res.
22, 1974–1984. doi: 10.1101/gr.138198.112

Marshall, N., and Kerkvliet, N. (2010). Dioxin and immune regulation: emerging
role of aryl hydrocarbon receptor in the generation of regulatory T cells. Ann.
N.Y. Acad. Sci. 1183, 25–37. doi: 10.1111/j.1749-6632.2009.05125.x

Marshall, N. B., Vorachek, W. R., Steppan, L. B., Mourich, D. V., and
Kerkvliet, N. I. (2008). Functional characterization and gene expression
analysis of CD4+CD25+ regulatory T cells generated in mice treated with
2,3,7,8-tetrachlorodibenzo-p-dioxin. J. Immunol. 181, 2382–2391. doi: 10.4049/
jimmunol.181.4.2382

Monteleone, I., Pallone, F., and Monteleone, G. (2013). Aryl hydrocarbon receptor
and colitis. Semin. Immunopathol. 35, 671–675. doi: 10.1007/s00281-013-
0396-2

Murray, I., Nichols, R., Zhang, L., Patterson, A., and Perdew, G. (2016). Expression
of the aryl hydrocarbon receptor contributes to the establishment of intestinal
microbial community structure in mice. Sci. Rep. 6:33969. doi: 10.1038/
srep33969

Mustafa, A., Holladay, S., Goff, M., Witonsky, S., Kerr, R., Reilly, C., et al. (2008).
An enhanced postnatal autoimmune profile in 24 week-old C57BL/6 mice
developmentally exposed to TCDD. Toxicol. Appl. Pharmacol. 232, 51–59.
doi: 10.1016/j.taap.2008.04.015

Nault, R., Colbry, D., Brandenberger, C., Harkema, J., and Zacharewski, T. (2015).
Development of a computational high-throughput tool for the quantitative
examination of dose-dependent histological features. Toxicol. Pathol. 43,
366–375. doi: 10.1177/0192623314544379

Ouchida, R., Mori, H., Hase, K., Takatsu, H., Kurosaki, T., Tokuhisa, T., et al.
(2012). Critical role of the IgM Fc receptor in IgM homeostasis, B-cell
survival, and humoral immune responses. Proc. Natl. Acad. Sci. U.S.A. 109,
E2699–E2706. doi: 10.1073/pnas.1210706109

Pamp, S. J., Harrington, E. D., Quake, S. R., Relman, D. A., and Blainey, P. C. (2012).
Single-cell sequencing provides clues about the host interactions of segmented
filamentous bacteria (SFB). Genome Res. 22, 1107–1119. doi: 10.1101/gr.131
482.111

Peck, A., and Mellins, E. (2010). Precarious balance: Th17 cells in host defensetle.
Infect. Immun. 78, 32–38. doi: 10.1128/IAI.00929-09

Qin, J., Li, R., Raes, J., Arumugam, M., Burgdorf, K. S., Manichanh, C., et al. (2010).
A human gut microbial gene catalogue established by metagenomic sequencing.
Nature 464, 59–65. doi: 10.1038/nature08821

Quintana, F., Basso, A., Iglesias, A., Korn, T., Farez, M., Bettelli, E., et al. (2008).
Control of T(reg) and T(H)17 cell differentiation by the aryl hydrocarbon
receptor. Nature 453, 65–71. doi: 10.1038/nature06880

Reis, P. P., Waldron, L., Goswami, R. S., Xu, W., Xuan, Y., Perez-Ordonez, B., et al.
(2011). mRNA transcript quantification in archival samples using multiplexed,
color-coded probes. BMC Biotechnol. 11:46. doi: 10.1186/1472-6750-11-46

Round, J. L., Lee, S. M., Li, J., Tran, G., Jabri, B., Chatila, T. A., et al. (2011). The
Toll-like receptor 2 pathway establishes colonization by a commensal of the
human microbiota. Science 332, 974–977. doi: 10.1126/science.1206095

Round, J. L., and Mazmanian, S. K. (2010). Inducible Foxp3+ regulatory T-cell
development by a commensal bacterium of the intestinal microbiota. Proc. Natl.
Acad. Sci. U.S.A. 107, 12204–12209. doi: 10.1073/pnas.0909122107

Sefik, E., Geva-Zatorsky, N., Oh, S., Konnikova, L., Zemmour, D., McGuire, A.,
et al. (2015). Individual intestinal symbionts induce a distinct population of
RORγ+ regulatory T cells. Science 349, 993–997. doi: 10.1126/science.aaa9420

Shukla, R., Ghoshal, U., Dhole, T. N., and Ghoshal, U. C. (2015). Fecal microbiota
in patients with irritable bowel syndrome compared with healthy controls using
real-time polymerase chain reaction: an evidence of dysbiosis. Dig. Dis. Sci. 60,
2953–2962. doi: 10.1007/s10620-015-3607-y

Snedeker, S. M., and Hay, A. G. (2012). Do interactions between gut ecology and
environmental chemicals contribute to obesity and diabetes? Environ. Health
Perspect. 120, 332–339. doi: 10.1289/ehp.1104204

Stedtfeld, R., Sallache, J., Crawford, R., Stedtfeld, T., Williams, M., Waseem, H.,
et al. (2017a). TCDD administered on activated carbon eliminates
bioavailability and subsequent shifts to a key murine gut commensal.
Appl. Microbiol. Biotechnol. doi: 10.1007/s00253-017-8460-9 [Epub ahead of
print].

Stedtfeld, R., Stedtfeld, T., Fader, K., Williams, M., Quensen, J., Zacharewski, T.,
et al. (2017b). TCDD influences reservoir of antibiotic resistance genes in
murine gut microbiome. FEMS Microbiol. Ecol. 93:fix058. doi: 10.1093/femsec/
fix058

Stedtfeld, R. D., Baushke, S. W., Tourlousse, D. M., Miller, S. M., Stedtfeld,
T. M., Gulari, E., et al. (2008). Development and experimental validation of a
predictive threshold cycle equation for quantification of virulence and marker
genes by high-throughput nanoliter-volume PCR on the OpenArray platform.
Appl. Environ. Microbiol. 74, 3831–3838. doi: 10.1128/AEM.02743-07

Stedtfeld, R. D., Williams, M. R., Fakher, U., Johnson, T. A., Stedtfeld, T. M.,
Wang, F., et al. (2016). Antimicrobial resistance dashboard application for
mapping environmental occurrence and resistant pathogens. FEMS Microbiol.
Ecol. 92:fiw020. doi: 10.1093/femsec/fiw020

Suzuki, K., Meek, B., Doi, Y., Muramatsu, M., Chiba, T., Honjo, T., et al. (2004).
Aberrant expansion of segmented filamentous bacteria in IgA-deficient gut.
Proc. Natl. Acad. Sci. U.S.A. 101, 1981–1986. doi: 10.1073/pnas.0307317101

Tan, T., Sefik, E., Geva-Zatorsky, N., Kua, L., Naskar, D., Teng, F., et al. (2016).
Identifying species of symbiont bacteria from the human gut that, alone,
can induce intestinal Th17 cells in mice. Proc. Natl. Acad. Sci. U.S.A. 113,
E8141–E8150. doi: 10.1073/pnas.1617460113

Taylor, K. W., Novak, R. F., Anderson, H. A., Birnbaum, L. S., Blystone, C.,
DeVito, M., et al. (2013). Evaluation of the association between persistent
organic pollutants (POPs) and diabetes in epidemiological studies: a national
toxicology program workshop review. Environ. Health Perspect. 121, 774–783.
doi: 10.1289/ehp.1205502

Thigpen, J., Faith, R., McConnell, E., and Moore, J. (1975). Increased susceptibility
to bacterial infection as a sequela of exposure to 2,3,7,8-tetrachlorodibenzo-p-
dioxin. Infect. Immun. 12, 1319–1324.

Troutman, J. M., Sharma, S., Erickson, K. M., and Martinez, C. D. (2014).
Functional identification of a galactosyltransferase critical to Bacteroides
fragilis Capsular Polysaccharide A biosynthesis. Carbohydr. Res. 395, 19–28.
doi: 10.1016/j.carres.2014.06.003

Troy, E., and Kasper, D. (2010). Beneficial effects of Bacteroides fragilis
polysaccharides on the immune system. Front. Biosci. 15, 25–34. doi: 10.2741/
3603

Upadhyay, V., Poroyko, V., Kim, T., Devkota, S., Fu, S., Liu, D., et al. (2012).
Lymphotoxin regulates commensal responses to enable diet-induced obesity.
Nat. Immunol. 13, 947–953. doi: 10.1038/ni.2403

Frontiers in Microbiology | www.frontiersin.org 11 September 2017 | Volume 8 | Article 1708

https://doi.org/10.1074/jbc.M110.206011
https://doi.org/10.1371/journal.pone.0062578
https://doi.org/10.1093/dnares/dsr022
https://doi.org/10.1093/dnares/dsr022
https://doi.org/10.1016/j.immuni.2014.03.009
https://doi.org/10.1016/j.immuni.2014.03.009
https://doi.org/10.1136/jech.2006.054700
https://doi.org/10.1016/j.taap.2016.05.016
https://doi.org/10.2337/dc08-0850
https://doi.org/10.1073/pnas.1120238109
https://doi.org/10.1101/gr.138198.112
https://doi.org/10.1111/j.1749-6632.2009.05125.x
https://doi.org/10.4049/jimmunol.181.4.2382
https://doi.org/10.4049/jimmunol.181.4.2382
https://doi.org/10.1007/s00281-013-0396-2
https://doi.org/10.1007/s00281-013-0396-2
https://doi.org/10.1038/srep33969
https://doi.org/10.1038/srep33969
https://doi.org/10.1016/j.taap.2008.04.015
https://doi.org/10.1177/0192623314544379
https://doi.org/10.1073/pnas.1210706109
https://doi.org/10.1101/gr.131482.111
https://doi.org/10.1101/gr.131482.111
https://doi.org/10.1128/IAI.00929-09
https://doi.org/10.1038/nature08821
https://doi.org/10.1038/nature06880
https://doi.org/10.1186/1472-6750-11-46
https://doi.org/10.1126/science.1206095
https://doi.org/10.1073/pnas.0909122107
https://doi.org/10.1126/science.aaa9420
https://doi.org/10.1007/s10620-015-3607-y
https://doi.org/10.1289/ehp.1104204
https://doi.org/10.1007/s00253-017-8460-9
https://doi.org/10.1093/femsec/fix058
https://doi.org/10.1093/femsec/fix058
https://doi.org/10.1128/AEM.02743-07
https://doi.org/10.1093/femsec/fiw020
https://doi.org/10.1073/pnas.0307317101
https://doi.org/10.1073/pnas.1617460113
https://doi.org/10.1289/ehp.1205502
https://doi.org/10.1016/j.carres.2014.06.003
https://doi.org/10.2741/3603
https://doi.org/10.2741/3603
https://doi.org/10.1038/ni.2403
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive


fmicb-08-01708 September 5, 2017 Time: 16:57 # 12

Stedtfeld et al. SFB Influences TCDD-Induced Host Response

Veldhoen, M., and Duarte, J. (2010). The aryl hydrocarbon receptor: fine-tuning
the immune-response. Curr. Opin. Immunol. 22, 747–752. doi: 10.1016/j.coi.
2010.09.001

Veldhoen, M., Hirota, K., Westendorf, A., Buer, J., Dumoutier, L., Renauld, J.,
et al. (2008). The aryl hydrocarbon receptor links T(H)17-cell-mediated
autoimmunity to environmental toxins. Nature 453, 106–109. doi: 10.1038/
nature06881

Wang, F.-H., Qiao, M., Su, J.-Q., Chen, Z., Zhou, X., and Zhu, Y.-G. (2014). High
throughput profiling of antibiotic resistance genes in urban park soils with
reclaimed water irrigation. Environ. Sci. Technol. 48, 9079–9085. doi: 10.1021/
es502615e

Wiseman, S., Wan, Y., Chang, H., Zhang, X., Hecker, M., Jones, P., et al. (2011).
Polybrominated diphenyl ethers and their hydroxylated/methoxylated
analogs: environmental sources, metabolic relationships, and relative
toxicities. Mar. Pollut. Bull. 63, 179–188. doi: 10.1016/j.marpolbul.2011.
02.008

Wood, S., Jeong, H., Morris, D., and Holsapple, M. (1993). Direct effects of
2,3,7,8-tetrachlorodibenzo- p-dioxin (TCDD) on human tonsillar lymphocytes.
Toxicology 81, 131–143. doi: 10.1016/0300-483X(93)90005-D

Yin, Y., Wang, Y., Zhu, L., Liu, W., Liao, N., Jiang, M., et al. (2013). Comparative
analysis of the distribution of segmented filamentous bacteria in humans, mice
and chickens. ISME J. 7, 615–621. doi: 10.1038/ismej.2012.128

Zhang, L., Ma, J., Takeuchi, M., Usui, Y., Hattori, T., Okunuki, Y., et al.
(2010). Suppression of experimental autoimmune uveoretinitis by inducing

differentiation of regulatory T cells via activation of aryl hydrocarbon receptor.
Invest. Ophthalmol. Vis. Sci. 51, 2109–2117. doi: 10.1167/iovs.09-3993

Zhang, L., Nichols, R. G., Correll, J., Murray, I. A., Tanaka, N., Smith, P. B., et al.
(2015). Persistent organic pollutants modify gut microbiota-host metabolic
homeostasis in mice through aryl hydrocarbon receptor activation. Environ.
Health Perspect. 123, 679–688. doi: 10.1289/ehp.1409055

Zhang, L., Nichols, R. G., and Patterson, A. D. (2017). The aryl hydrocarbon
receptor as a moderator of host-microbiota communication. Curr. Opin.
Toxicol. 2, 30–35. doi: 10.1016/j.cotox.2017.02.001

Zhao, Z., Yu, S., Fitzgerald, D., Elbehi, M., Ciric, B., Rostami, A., et al. (2008).
IL-12R beta 2 promotes the development of CD4+CD25+ regulatory T cells.
J. Immunol. 181, 3870–3876. doi: 10.4049/jimmunol.181.6.3870

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Stedtfeld, Chai, Crawford, Stedtfeld, Williams, Xiangwen,
Kuwahara, Cole, Kaminski, Tiedje and Hashsham. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 12 September 2017 | Volume 8 | Article 1708

https://doi.org/10.1016/j.coi.2010.09.001
https://doi.org/10.1016/j.coi.2010.09.001
https://doi.org/10.1038/nature06881
https://doi.org/10.1038/nature06881
https://doi.org/10.1021/es502615e
https://doi.org/10.1021/es502615e
https://doi.org/10.1016/j.marpolbul.2011.02.008
https://doi.org/10.1016/j.marpolbul.2011.02.008
https://doi.org/10.1016/0300-483X(93)90005-D
https://doi.org/10.1038/ismej.2012.128
https://doi.org/10.1167/iovs.09-3993
https://doi.org/10.1289/ehp.1409055
https://doi.org/10.1016/j.cotox.2017.02.001
https://doi.org/10.4049/jimmunol.181.6.3870
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

	Modulatory Influence of Segmented Filamentous Bacteria on Transcriptomic Response of Gnotobiotic Mice Exposed to TCDD
	Introduction
	Materials And Methods
	Animal Models and Bacterial Cocktails
	Collection of Fecal Pellets and Isolation of Tissue
	Transcriptomic Response Analysis with qPCR and nCounter®
	qPCR of gDNA from Fecal Pellets
	Flow Cytometry of Whole Blood, Splenocytes, and Mesenteric Lymph Nodes
	Statistical Analysis and Host/Bacterial Functional Gene Annotation

	Results
	Transcriptomic Response of Ileal Immune Cells
	Response of Regulatory T Cells
	Response of Colonized Bacteria
	Response of Select Functional Genes from Colonized Bacteria

	Discussion
	Opposing Influence of SFB Colonization and TCDD on Host
	Influence of T-Cell Response in Health
	TCDD-Induced Host Response Favors SFB
	TCDD-Induced Host Response Influences B. fragilis
	Relevance of TCDD Dose
	TCDD versus Other AhR Ligands
	Differences in Murine and Human Models

	Author Contributions
	Funding
	Acknowledgment
	Supplementary Material
	References


