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Abstract

Introduction—Commensal gut microbiota play an important role in regulating metabolic and
inflammatory conditions. Reshaping intestinal microbiota through pharmacologic means may be a
viable treatment option. We sought to delineate the functional characteristics of glucocorticoid-
mediated alterations on gut microbiota and their subsequent repercussions on host mucin
regulation and colonic inflammation.

Methods—Adult male C57BI/6 mice, germ-free (GF), Muc2-heterozygote (+/-), or Muc2-
knockout (/=) were injected with dexamethasone, a synthetic glucocorticoid, for four weeks.
Fecal samples were collected for gut microbiota analysis via 16S rRNA T-RFLP and amplicon
sequencing. Intestinal mucosa was collected for mucin gene expression studies. GF mice were
conventionalized with gut microbes from treated- and non-treated groups to determine their
functional capacities in recipient hosts.
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Results—Exposure to DEX in WT mice led to substantial shifts in gut microbiota over a four-
week period. Furthermore, a significant down-regulation of colonic Muc2 gene expression was
observed after treatment. Muc2-knockout mice harbored a pro-inflammatory environment of gut
microbes, characterized by the increase or decrease in prevalence of specific microbiota
populations such as Clostridiales and Lactobacillaceae, respectively. This colitogenic phenotype
was transmissible to 1L10-knockout (IL10-KO) mice, a genetically susceptible model of colonic
inflammatory disorders. Microbiota from donors pre-treated with DEX, however, ameliorated
symptoms of inflammation.

Conclusions—Commensal gut bacteria may be a key mediator of the anti-inflammatory effects
observed in the large intestine after GC exposure. These findings underscore the notion that
intestinal microbes comprise a “microbial organ” essential for host physiology that can be targeted
by therapeutic approaches to restore intestinal homeostasis.
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INTRODUCTION

Commensal gut bacteria provide a multitude of beneficial effects to the host which, include
producing essential nutrients, metabolizing otherwise indigestible food components,
educating the host immune system, strengthening gut barrier integrity, and other functions.
On the other hand, gut microbiota can also cause or contribute to a variety of metabolic,
inflammatory, and immunologic diseases.2~* Many studies have reported that alterations in
the gut microbiota induce both pro- and anti-inflammatory effects in the host.>~7 Thus, the
delicate balance between host and gut microbes determines commensalism or pathogenicity,
the latter triggered by even the slightest perturbations caused by internal (host) or external
(environmental) factors. For instance, inflammatory bowel diseases (IBD) are believed to
arise from an unfortunate combination of dysbiosis and underlying genetic susceptibility.
This concept, which broadly applies to many “Western” disorders, is an example often used
to support the “hygiene hypothesis”, where rapid societal changes in environment, diet, and
lifestyle over the past century have perturbed evolutionarily-determined host-microbe
relationships critical for normal immune and physiological development.82 In support of
this hypothesis, antibiotics provide some IBD patients with therapeutic benefit, 10
underscoring the notion that gut bacteria play a key role in the etiopathology of this disease.
In addition, the consumption of a high-fat “Western” diet promotes the growth of otherwise
rare pathobionts that can upset normal host-microbe relationships to trigger the development
of experimental colitis in genetically-susceptible hosts.11

The mucus layer that overlies the gut epithelium plays a key role in establishing this
mutualistic relationship between host and microbe. It helps protect the mucosa from
chemical, enzymatic, and microbial damage and, at the same time, can be a major
determinant of microbial assemblage and food supply. Mucins constitute the major
component of this mucus layer!? and in the colon, Muc2 is the most prominent mucin
expressed and secreted by goblet cells.13 The importance of Muc2 in protecting the integrity
of the gut epithelium is exemplified by the development of spontaneous and experimentally-
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induced colitis in mice lacking the Muc2 gene (Muc2-KO).1# Additionally, decreased Muc2
expression has been implicated in the etiopathogenesis of sporadic and IBD-associated colon
cancers.1415

Many factors can influence intestinal mucin gene expression and function. Physiological and
pharmacological levels of glucocorticoids (GCs) can profoundly affect mucus production
and secretion. GCs are currently one of the most widely used first-line agents in the
treatment of IBD.16 Dexamethasone (DEX), a synthetic, more potent GC, has been routinely
used as an anti-inflammatory, immunosuppressive agent.1” Previous work has shown that
one mechanism by which DEX resolves its anti-inflammatory effects is through a decrease
in NF-kB activity.1® However, prolonged exposure to GCs can result in various side effects,
including central adiposity, insulin resistance and gastrointestinal complications.12:20 Thus,
due to its pleiotropic nature, many GC-mediated effects have not been well-characterized.
Recent studies have suggested that GC signaling derives a portion of its effects through gut
microbes.21:22 Since many mechanisms of GC action are not well described, it was of
interest to explore the cross-talk between GCs, the intestinal microbiota, and colonic
physiology. Herein, the effects of chronic GC exposure (using DEX) on shaping the gut
microbiota and their roles in regulating both mucin expression and inflammation in the
colon were investigated.

MATERIALS AND METHODS

Animals and experimental treatments

All wild-type (WT) and Muc2-KO specific pathogen free (SPF) male mice used in this study
were of the C57BI/6 strain, bred and housed at the University of Chicago. GF mice were
bred and maintained in sterile flexible film isolators within the University of Chicago
Gnotobiotic Research Animal Facility (GRAF). All mice were entrained on a 12-h light/dark
cycle with lights on beginning at 6AM. Mice were given ad libitumaccess to irradiated
standard rodent purified diet (for SPF mice: #2016S, Harlan-Teklad, Madison, WI, USA, for
GF mice: autoclaved #5K67, LabDiet, St. Louis, MO) as well as sterile autoclaved water. 7-
to 10-week old male wild-type C57BI/6 mice were injected intra-peritoneally (i.p.) with
pharmaceutical-grade DEX: 1 mg/kg, once per day (acute GC exposure) or 5 mg/kg, once
per 3 days (chronic GC exposure) (Fig. 1A). Control mice were injected with an equivalent
dose of sterile saline. Fecal samples were periodically collected throughout the study for
bacterial DNA analysis. All animal protocols and experiments were approved by the
Institutional Animal Care and Use Committee (IACUC) at the University of Chicago.

Bacterial DNA isolation and Polymerase Chain Reaction (PCR)

Isolation of bacterial DNA was performed as previously described.23 In brief, mouse stool
and cecal contents were collected and placed in ImL of T.N.E.S. extraction buffer. After
addition of 0.1-mm-diameter zirconia/silica beads (BioSpec Products, Bartlesville, OK,
USA), samples were disrupted using a Mini-Beadbeater-8k Cell Disrupter (BioSpec
Products) and incubated overnight at 55°C. Supernatants were then extracted with an equal
volume of Phenol:Chloroform:Isoamylalcohol (25:24:1; Ambion, Austin, TX, USA) and
DNA precipitated using an equal volume of 100% ethanol. The resulting pellet was
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centrifuged (13,000 rpm for 5 min), washed with 70% ethanol, dried, and reconstituted in
nuclease-free water.

Polymerase chain reaction was performed as follows: 5uL of 10x Ex Tagq buffer containing
20mM MgCl, (Takara, Tokyo, Japan), 4uL of 2.5mM dNTP Mixture (Takara), 1uL each of
FAM-labeled forward (27F, 5'-AGA GTT TGA TCC TGG CTC AG-3') and reverse (1492R,
GGT TAC CTT GTT ACG ACT-3') primer (10mM each), 0.25uL of Taq polymerase
(Takara), 36.75uL nuclease-free water, and 2uL of DNA template. The PCR conditions
were: 94°C for 5 min followed by 30 cycles of amplification consisting of denaturation at
94°C for 30 sec, annealing at 58°C for 1 min, and extension at 72°C for 1.5 min.

DNA Repurification and Terminal Restriction Fragment Length Polymorphism (T-RFLP)
sequence analysis

The resulting PCR product was then repurified using 3M sodium acetate (pH 5) and
restriction digested with the Mspl enzyme. Samples were then dialyzed on a HAWP
membrane filter (Millipore, Billerica, MA, USA) to remove excess salts and submitted to
the Cancer Research Center DNA Sequencing Facility at the University of Chicago for
sequence analysis. Using these fluorescently labeled 5’-terminal restriction fragments, Bray-
Curtis dendrograms and Principal Component Analysis (PCA) plots were then generated
with the Molecular Evolutionary Genetics Analysis (MEGA) software platform
(www.megasoftware.net) or through the T-RFLP analysis (T-REX) website.24

16S rRNA-based lllumina library preparation and data analysis

PCR primers used were specific for the 515-806 bp region of the 16S rRNA encoding gene
(338F: 5’-GTGCCAGCMGCCGCGGTAA-3’ and 806R: 5’-
GGACTACHVGGGTWTCTAAT-3) and contained Illumina 3' adapter sequences as well
as a 12-bp barcode. This barcode-based primer approach allowed sequencing of multiple
samples in a single sequencing run without the need for physical partitioning. Sequencing
was performed by an lllumina MiSeq DNA sequencer at Argonne National Laboratory.
Sequences were then trimmed and classified with the QIIME toolkit. Using the QIIME
wrappers, OTUs were picked at 97% sequence identity using cdhit and a representative
sequence was then chosen for each OTU by selecting the most abundant sequence in that
OTU. These representative sequences were aligned using PyNAST and taxonomy was
assigned to them using the RDP Classifier. The PyNAST-aligned sequences were also used
to build a phylogenetic tree with FastTree and unweighted UniFrac distances then computed
between all samples for additional ecological analyses.

Mucosal scrapings, RNA extraction, cDNA synthesis, and quantitative real-time PCR

After termination of the experiment, mice were sacrificed via CO, asphyxiation and the
abdominal cavity immediately opened. The large intestine was dissected and splayed on a
chilled glass surface. Using sterile surgical scissors, the intestinal lumen was exposed and
gently scraped to collect mucosal contents for protein and/or RNA analysis. Mesenteric
lymph nodes (MLNs) were excised and homogenized for protein analysis via ELISA.
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Colonic mucosal scrapings were homogenized in TRIzol reagent (Ambion) and mixed with
chloroform. After centrifugation (10,000 rpm for 15 min), the top aqueous phase was mixed
with 100% isopropanol to precipitate RNA. Samples were centrifuged (10,000 rpm for 10
min) and pellets were washed (75% ethanol), dried, and reconstituted in nuclease-free water.
RNA purity and concentration were assessed through UV-Vis spectrophotometry using the
Nanodrop Lite (Thermo Scientific, Wilmington, DE, USA). 1ug of total RNA was reverse-
transcribed to complementary DNA (cDNA) using the Transcriptor First Strand cDNA
Synthesis Kit (Roche, Indianapolis, IN, USA) according to manufacturer’s instructions. The
relative quantitation of gene expression was performed using the LightCycler 480 Real-
Time PCR System (Roche). Primers used were: Mucl (F: gcagtcctcagtggcaccte, R:
caccgtgggctactggagag), Muc2 (F: gctgacgagtggttggtgaatg, R: gatgaggtggcagacaggagac),
Muc3 (F: cgtggtcaactgcgagaatgg, R: cggctctatctctacgctctce), GAPDH (F:
ggcaaattcaacggcacagt, R: agatggtgatgggcttcec). Gene expression data are presented as 2 ACt
(target gene — housekeeping gene).

Conventionalization of germ-free mice

To reintroduce gut microbiota into GF mice, termed “conventionalization” (CONV), donor
mice were sacrificed as described above. Cecal contents were quickly excised and placed in
a tube containing 1 mL sterile PBS. The contents were mixed vigorously for 30 seconds and
centrifuged briefly. The supernatant was then transferred to 1-cc syringes and orally gavaged
(150 pL) to GF WT or 1L10-KO mice.

Protein isolation and BCA analysis

Freshly excised protein samples were placed in cell lysis buffer (20mM Tris-HCI, 150mM
NaCl, ImM Nay, EDTA, 1ImM EGTA, 1% Triton, 2.5mM sodium pyrophosphate, 1mM (-
glycerophosphate, 1mM NazV Oy, 1ug/mL leupeptin, ImM PMSF) (Cell Signaling
Technology, Danvers, MA, USA). Samples were homogenized, centrifuged (13,000 rpm for
5 min) and supernatant collected. Protein concentrations were quantified using the BCA
protein assay.2®

Enzyme-linked immuno sorbent assay (ELISA)

To characterize gut inflammation between treatment groups and controls, a colorimetric
sandwich ELISA was performed on mucosal scrapings according to manufacturer’s
instructions (eBioscience, San Diego, CA, USA). In brief, target-specific capture antibodies
were coated on 96-well plates (Corning Inc, Corning, NY, USA) and incubated overnight at
4°C. The following day, plates were washed, blocked for one hour at room temperature and
washed again. Diluted standards and unknown samples were then added and incubated
overnight at 4°C. On the final day, plates were washed and incubated in secondary antibody
for one hour at room temperature. Plates were then washed, avidin-HRP added, washed
again, and incubated in TMB substrate solution for 15 min at room temperature. Stop
solution (2N H,SO,4) was then added to discontinue HRP activity. Absorbances were
measured on a plate reader (VersaMax, Sunnyvale, CA, USA) at a wavelength of 450 nm to
determine cytokine concentration.
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Statistical analyses

RESULTS

All bar graphs are expressed as mean = standard error of the mean (SEM). Student’s t-test
was used for two-group comparisons and one-way analysis of variance (ANOVA) used for
multiple group (>2) comparative analysis. Tukey post-hoc analyses were applied for
multiple comparisons, with statistical significance established at P-values < 0.05.

DEX treatment alters gut microbiota communities

Adult male C57BI/6 mice were injected i.p. with DEX or saline, once per day for 10 days
(acute treatment), or once per 3 days over a four-week period (chronic treatment). T-RFLP
analysis of fecal samples revealed a substantial shift in gut microbiota after DEX treatment.
This shift was evident in both acute (10 days) and chronic (28 days) models of DEX
treatment and persisted throughout the duration of the study (Fig. 1B,C). Principal
Component Analysis (PCA) revealed a microbial-based clustering in DEX-treated animals,
but not in saline-treated controls (Fig. 1D).

Amplicon sequencing of the 16S rRNA V4-5 region from fecal samples revealed
phylogenetic shifts in gut microbiota after DEX exposure, notably in Actinobacteria (Fig.
2A,B). The Actinobacteria genus, Bifidobacterium, was significantly elevated after DEX
treatment (Fig. 3A). Furthermore, Lactobacillus levels were also increased when compared
to controls (Fig. 3B). On the other hand, a specific genus of gut bacteria known to be a
colonic mucin degrader, Mucispirillum, was noticeably absent after treatment with DEX
(Fig. 3C), suggesting a possible relationship between GC, altered gut microbiota, and mucin
regulation in the intestine.

Mucin gene expression decreases after exposure to DEX

Muc? is the predominant mucin gene expressed in colonic goblet cells?6:27 and is a key
factor in the maintenance of colonic health.28 Quantitative real-time PCR results showed
that Muc2 gene expression was significantly lower in DEX-treated mice. Gene expression
levels of Mucl and Muc3, which together constitute a minority of gut mucins, were also
significantly lower after DEX. However, these differences were only evident in the proximal
colon (Fig. 4A), as mucin gene expression in the distal colon was not significantly different
between DEX- and saline-treated mice (Fig. 4B).

Conventionalization with DEX-treated donor microbiota upregulates mucin gene

expression

To determine the direct effects of DEX on host-mediated mucin synthesis in the proximal
colon, GF mice were chronically treated with DEX. Interestingly, no significant changes in
mucin gene expression were observed between DEX and control groups. However,
conventionalizing GF mice with microbiota from DEX-treated donors led to a significant
increase in both Mucl and Muc2 expression in the proximal large intestine (Fig. 5)
suggesting a key role for gut microbiota in the regulation of colonic mucin synthesis.
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Microbiota of Muc2-KO mice cluster distinctly from heterozygote and wild-type mice

To further explore the relationship between DEX and Muc2, mice possessing the wild-type
(+/+), heterozygote (+/-), or knockout (-/-) allele for Muc2 were chronically treated with
DEX. Similar to earlier findings, microbiota from mice exposed to DEX clustered distinctly
from controls. However, Muc2-KO mice retained a microbiota distinct from those of their
heterozygote and wild-type counterparts (circled, Fig. 6A). A trend toward a greater relative
proportion of Proteobacteria, a phyla commonly associated with inflammation, was
observed in Muc2-KO mice despite DEX treatment. Deeper phylogenetic analysis showed
increasing Clostridiales in DEX-treated Muc2-KO mice compared to DEX-treated Muc2-
heterozygotes and a concomitant decrease in Lactobacillaceae (Fig. 6B), though these
patterns were not statistically significant. Our observations suggest that Muc2-KO
microbiota may convey a potentially proinflammatory milieu to the host through the
expansion and/or reduction of certain gut-associated bacteria.

Microbiota from Muc2-KO mice are colitogenic while microbiota from DEX-treated mice are
anti-inflammatory

To characterize the functional repercussions of glucocorticoid-altered gut bacteria on
colonic inflammation, cecal contents from DEX- or saline-treated Muc2-KO mice were
conventionalized into GF 1L10-KO mice (Fig. 7). These conventionalized recipient mice are
used as a model of genetic susceptibility to colitis, as they spontaneously develop colitis at a
rate of 20-30% in our SPF animal facility. However, germ-free IL10-KO mice do not
develop colitis unless they are exposed to bacteria, suggesting a microbe-driven component
mediating this effect. IL10-KO mice conventionalized with saline-treated cecal contents
exhibited a marked decrease in body weight when compared to their respective DEX-
conventionalized counterparts (Fig. 8A). Mice conventionalized with Muc2-KO microbiota,
irrespective of the donor’s treatment (DEX or saline), had lower body weights relative to
those conventionalized with wild-type or heterozygote microbiota (Fig. 8A). Interestingly,
conventionalization with saline-treated microbiota led to a pronounced decrease in Muc2
gene expression relative to DEX-treated donor microbiota (Fig. 8B). When inflammatory
cytokine levels in MLNs and mucosal scrapings were examined, significant increases in
IL12p40 and IL17 were observed in all recipients that were conventionalized with saline-
treated microbiota. In contrast, DEX-treated donors did not confer an inflammatory milieu
to the same degree (Fig. 8C). Altogether, these results suggest that in the absence of Muc2,
gut microbiota confer a pro-inflammatory, colitogenic phenotype. In contrast, DEX
treatment in mice expressing the Muc2 gene alters gut microbiota to reduce inflammation in
a genetically susceptible model of colitis.

DISCUSSION

The Center for Disease Control and Prevention classifies IBD as one of the five most
prevalent disease burdens in the United States, costing roughly $1.7 billion dollars in
healthcare overall.2 While the etiology of IBD remains to be fully characterized,
aberrations in homeostatic balance between host biology, genetics, and environmental
factors such as the gut microbiota are keys to the pathogenesis of these diseases. Previous
studies have reported a multitude of genetic polymorphisms that either increase or lower the
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risk of developing 1BD,%C while others have demonstrated a considerable role for intestinal
microbes in their pathogenesis.1:31:32

Our studies show that the balance between host and bacteria can be mitigated through
certain circumstances. Both endogenous and therapeutic GCs can affect this relationship.
For instance, a link between steroid hormones and gut microbiota has been implicated by the
observation that altered gut microbiota can lead to substantial shifts in the hypothalamic-
pituitary-adrenal (HPA) axis response to stress.33 A study by Unsal and colleagues showed
that rodents treated with a single high-dose injection of DEX increased the number of ileal
anaerobic bacteria while low-dose GC produced an increase in coliform bacteria,3*
demonstrating a significant, acute effect of GC exposure on gut microbes. However, these
studies have not identified specific gut microbes affected by GC exposure nor addressed the
functional repercussions of GCs and altered gut microbiota. Our results demonstrate that
exposing healthy SPF mice to the GC DEX, both acutely (10 days) or chronically (over 4
weeks), leads to a dramatic shift in gut microbiota that persist throughout the length of the
study. Furthermore, these alterations in gut bacteria regulate the colonic inflammatory state
in a genetically susceptible mouse model of colitis, demonstrating a gut microbe-mediated
mechanism by which GCs apply their anti-inflammatory effects in the large intestine. GCs
have potent anti-inflammatory benefits,3%36 so the presence of Bifidobacteria and
Lactobacillus, both previously associated with anti-inflammatory effects,3-3% may point
toward a microbe-centric mechanism through which these effects occur in our experimental
model. Interestingly, we observed a noticeable absence of Mucispirillum, a mucin-reliant
gut microbe, in DEX-treated mice. Since mucins play a considerable role in the gut, namely
in colonic protection,28:40 jt was of significant interest to determine the effects of GC
exposure on mucin gene expression in the colon.

Glucocorticoid exposure, gut microbiota, and Muc2 gene expression

Our results showed a significant decrease in mucin gene expression after DEX treatment.
Given the protective nature of mucins, this observed decrease in mucin gene expression
initially seemed counter-intuitive, as GCs tend to confer protective, anti-inflammatory
effects.36:41-43 However, previous studies have demonstrated an up-regulation of mucins
under pro-inflammatory settings,*44° while others report a down-regulation of their
expression.4 In the context of inflammatory conditions where mucins are over-expressed,
such as in asthma, GCs decrease mucin synthesis as part of their anti-inflammatory
mechanism.*6 Based on these and other reports, we surmise that the impact of GC-mediated
effects on host and microbiota is highly contextual. In healthy mice without pre-existing
inflammatory or genetic conditions, mucin expression even if decreased by DEX may be
amply sufficient to maintain intestinal homeostasis. Additionally, counter-regulatory
pathways for mucosal homeostasis are more likely to be intact and able to compensate for
reduced mucin expression.

Interestingly, GF mice treated with DEX alone exhibited no significant difference in mucin
expression relative to controls. This lack of change in GF mice suggests to us that DEX
alone is not sufficient to regulate mucin synthesis in the absence of gut microbes. One
possible explanation for this may be due to incomplete development or the hypothalamic-
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pituitary-adrenal (HPA) axis activity in GF mice.#”49 The HPA axis is critical to proper
glucocorticoid signaling,® so it is possible that the GF response to DEX exposure is quite
different from that of the SPF mouse. When GF mice were conventionalized with
microbiota from DEX-treated donors, we observed a significant increase in Muc2
expression relative to controls. Previous studies have reported that the reintroduction of
microbes via conventionalization elevates mucin levels in the intestine.5:52 In concert with
our previous 16S rRNA amplicon data showing a lack of mucin-utilizing microbes in DEX-
treated mice, these results are consistent with our hypothesis that the up-regulation of mucin
expression due to conventionalization is now uninhibited due to the lack of mucophilic
bacteria in these mice. Our results suggest that exposure to DEX leads to divergent effects
on mucin regulation in the proximal large intestine of SPF and GF mice. These results also
suggest that while exposure to DEX under germ-free conditions is insufficient in altering
colonic mucins, the presence of gut microbes in the absence of DEX can substantially affect
their expression. Further studies delineating the complex regulatory network of mucin
synthesis and expression are clearly warranted.

Gut microbiota in Muc2-KO mice

The Muc2-KO mouse possesses a distinct gut-associated bacterial community that is
influenced by its altered genetic and immune states, as has been shown in other genetic
knockout mouse models.#23-55 To explore the effects of GC signaling on gut microbiota in
the absence of Muc2, we examined the effects of DEX treatment on colonic microbiota in
WT and in Muc2 heterozygote and KO mice. While DEX-treated mice clearly clustered
from saline-treated controls, Muc2-KO mice also clustered distinctly from their
heterozygote and wild-type counterparts. One possible explanation is that the variability in
microbial community structure due to DEX is considerably less than the genetic and
immune-mediated alterations of the Muc2-KO mouse. Host biology and environmental cues
are both substantial contributors toward shaping gut-associated bacterial communities.3-56:57
However, our results point toward a greater effect of genetics in coordinating the host-
microbe dynamic in this mouse model. Since mucin expression is critical for the growth and
survival of gut bacteria,58:59 it is of little surprise that the complete ablation of the
predominant mucin expressed in the colon (Muc2) imparts considerable pressures on the
dynamics of bacterial colonization.

Bacterial 16S rRNA amplicon sequencing revealed a trend toward greater prevalence of
Proteobacteria in Muc2-KO mice. This phyla has been shown to be intimately tied to a pro-
inflammatory state.11:60.61 Fyrthermore, these mice also exhibited increased prevalence of
Clostridiales alongside a concomitant decrease in Lactobacillaceae, though these patterns
were not statistically significant. Previous studies have shown a close association between
inflammation and the presence or absence of these microbes, respectively,52-64 altogether
supporting the presence of a pro-inflammatory milieu within the microbiota of Muc2-KO
mice.

IL10-KO mice conventionalized with altered microbiota from DEX- or saline-treated donors

To characterize the inflammatory potential of these altered microbes, the microbiota of
DEX- and saline-treated donor mice were conventionalized into GF IL10-KO mice, a
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genetically susceptible mouse model of colitis. Notably, the IL10-KO mouse model only
develops colitis in the presence of microbes,5 underscoring the importance of the enteric
bacteria in the pathogenesis of gut inflammation. The onset and severity of colitis upon
conventionalization thus provides a functionally relevant readout to assess the pathogenic
potential of each microbiota community. Declining trends in both body weight as well as
colonic Muc2 expression levels, among other traits, are hallmark characteristics of colitis.28
IL10-KO mice conventionalized with saline-treated donor microbiota exhibited both a
considerable decrease in body weight as well as significantly lower Muc2 gene expression
levels relative to their DEX-treated donor counterparts. We reported earlier that DEX
treatment in SPF mice significantly lowered Muc2 gene expression but show here that this
microbiota retains the greatest level of Muc2 expression after conventionalization (Fig. 8B).
This finding corroborates our previous observations that conventionalizing GF mice with
DEX-treated donor microbiota resulted in a significant up-regulation of Muc2 gene
expression. Taken together, we hypothesize that glucocorticoids may serve to “balance”
Muc2 expression as part of its anti-inflammatory mechanisms, decreasing its expression
under healthy conditions in SPF mice, while preventing further reduction to critically
damaging levels under diseased conditions to prevent the exacerbation of colitogenic
symptoms in 1L10-KO mice.

It is possible that the decrease in Muc2 expression in the IL10-KO mice is a consequence of
the colonic inflammation brought about by the conventionalization process,56 in which case
the anti-inflammatory effects of DEX-treated donor microbiota actually prevent further
dampening of Muc2 gene expression. In support of the anti-inflammatory effects of DEX-
altered microbiota, we found pro-inflammatory cytokine levels (IL12p40, IL17) in both
mucosal and mesenteric lymph nodes to be significantly lower in donors exposed to DEX
relative to controls. Notably, DEX-treated Muc2-KO donor microbiota were more
colitogenic compared to both wild-type and Muc2-heterozygote cohorts, reinforcing our
earlier findings that Muc2-KO mice are comparatively refractory to DEX-induced changes
in gut microbiota.

In summary, we have shown that chronic exposure to DEX shifts gut microbiota in varying
degrees to regulate colonic mucin gene expression in mice under both healthy and diseased
conditions. Our results highlight the notion that gut microbiota are necessary and sufficient
to regulate mucin gene expression. In contrast, DEX exposure in the absence of microbes is
not presently sufficient to produce such an effect. We also report that the inherent
microbiota from Muc2-KO mice is acutely colitogenic, pointing toward a possible
mechanism through which these mice spontaneously develop colitis. However, DEX-
mediated shifts in gut bacteria confer a protective effect on the development of colonic
inflammation when these microbes are conventionalized into the 1L10-KO mouse model.
These findings add to the ever-expanding belief that gut microbiota wield considerable
influence in the body and underscores their abundant potential as complex mechanistic
regulators of gastrointestinal biology.
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FIGURE 1. Schematic of DEX experiment and effects on gut microbiota
(A) Adult male C57BI/6 mice were injected with either dexamethasone (DEX, 1 mg/kg or 5

mg/kg) or an equivalent amount of sterile saline (controls). Stool samples were collected
periodically for T-RFLP analysis. Bray-Curtis dendrograms of T-RFLP sequences from
DEX- and saline-treated mice after (B) 10 days, and (C) 4 weeks of treatment. (D) Principle
Component Analysis (PCA) plot of microbiota from DEX and saline-treated mice. i.p.:

intraperitoneally. DEX: dexamethasone. SAL.: saline.
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(A) Phyla distribution of fecal microbiota after chronic DEX treatment. (B) Bar graph

showing the percent prevalence of Actinobacteria. Values are expressed as mean + SEM.
*p<0.05 vs. saline-treated controls. DEX: dexamethasone.
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FIGURE 3. Deep sequencing analysis (genus level) of fecal microbiotain DEX- and control-

treated mice

Percent prevalence of (A) Bifidobacterium, (B) Lactobacillus, and (C) Mucispirillum.

Values are expressed as mean = SEM. **p<0.01 vs. saline controls. DEX: dexamethasone.

ND: non-detectable.
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FIGURE 4. Colonic mucin gene expression levels after chronic exposureto DEX

Gene expression levels of Mucl, 2, and 3 in (A) proximal and (B) distal large intestine.
GAPDH expression was used as an internal control. Values are expressed as mean + SEM.
**p<0.01 and ***p<0.001 vs. saline (controls). NS: not statistically significant. DEX:

dexamethasone.
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FIGURE 5. Colonic mucin gene expression levelsin germ-free and conventionalized wild-type

mice

Gene expression levels of Mucl, 2, and 3 in the proximal colon of GF and CONV wild-type
mice. GAPDH expression was used as an internal control. Values are expressed as mean *

SEM. **p<0.01 and ***p<0.001 between bracketed groups. GF: germ-free. CONV:

conventionalized. NS: not statistically significant. DEX: dexamethasone.
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FIGURE 6. Muc-KO mice possess microbiota distinct from those of their wild-type and
heter ozygote counter parts

(A) PCA graph of relative microbiota distribution between DEX- and saline-treated mice
with the Muc2 (+/+, +/-, —=/-) genotype. Muc2-KO (-/-) are denoted with a circle. (B)
Percent prevalence of Proteobacteria, Clostridiales, and Lactobacillaceae in Muc2-
heterozygote and knockout mice. Values are expressed as mean + SEM. NS: not statistically
significant. +/+: wild-type. +/-: Muc2 heterozygote. —/-: Muc2 knockout. DEX:
dexamethasone.
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DEX as outlined previously. Cecal contents were then extracted and used to conventionalize
germ-free IL10-KO recipient mice. These recipients were then housed for 3 weeks prior to
sacrifice.
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respective donors. (A) Body weights of recipient mice at the time of sacrifice and (B) Muc2
gene expression in the proximal colon of conventionalized IL10-KO recipient mice. (C)
Mucosal 1L12p40 and IL17 content measured by ELISA. Values are expressed as mean +
SEM. *p<0.05, **p<0.01, and ***p<0.001 between bracketed groups. +/+: wild-type. +/-:
Muc2 heterozygote. —/—: Muc2 knockout. NS: not statistically significant. DEX:
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