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SUMMARY

The intestinal mucus layer provides a barrier limiting bacterial contact with the underlying
epithelium. Mucus structure is shaped by intestinal location and the microbiota. To understand
how commensals modulate gut mucus, we examined mucus properties under germ-free (GF)
conditions and during microbial colonization. Although the colon mucus structure of GF mice was
similar to conventionally raised (Convr) mice, the GF inner mucus layer was penetrable to
bacteria-sized beads. During colonization, in which GF mice were gavaged with Convr
microbiota, the small intestine mucus required five weeks to be normally detached and colonic
inner mucus six weeks to become impenetrable. The composition of the small intestinal
microbiota during colonization was similar to Convr donors until three weeks when Bacteroides
increased, Firmicutes decreased, and segmented filamentous bacteria became undetectable. These
findings highlight the dynamics of mucus layer development and indicate that studies of mature
microbe-mucus interactions should be conducted weeks after colonization.
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INTRODUCTION

The intestine is typically colonized with 1013-1014 bacteria residing in the lumen and in the
mucus with only limited contact with the epithelium (Backhed et al., 2005; Johansson et al.,
2013). The MUC2 mucin is the main component of the mucus in mice and humans and
responsible for this separation (Johansson et al., 2008). However, the mucus is differently
structured in the small and large intestine. In the small intestine, the mucus allows limited
diffusion of bacteria and anti-bacterial peptides and keeps the epithelium clean by moving
detached mucus with trapped bacteria forward for expulsion in the feces (Ermund et al.,
2013; Vaishnava et al., 2011). In the large intestine on the other hand, the inner attached
mucus layer acts as a physical barrier that does not allow bacteria to pass due to their size
(Johansson et al., 2008). Some bacterial contact with the epithelial cells is tolerated, but
massive exposure triggers inflammation as found in inflammatory bowel diseases (IBD)
(Johansson et al., 2014).

Both host and bacteria have adapted to each other and their coevolution has created an
intricate symbiotic system that has triggered significant interest during the last 10 years. The
main reason has been the capability to identify and characterize the intestinal microbiota by
powerful DNA-sequencing methods revealing that a fraction of the bacteria were known
using only culture methods (Kuczynski et al., 2012). This development has been further
fueled by the understanding that the intestinal microbiota has implications for the
development of some of todays’ major problems, such as obesity, diabetes and allergies
(Ley et al., 2005). The interdependence of host and bacteria is also obvious from the
emerging understanding of mucus and its properties. Germ free (GF) mucus was observed to
be different both in the small and large intestine and recently the colon mucus was found to
be dependent on the bacterial composition (Johansson et al., 2008; Schiitte et al., 2014;
Johansson et al., 2014; Jakobsson et al., 2015). It is today evident that there is a lot of
interaction and communication between host and bacteria although they only have limited
contact.

Studies of GF rodents have become a necessary tool for the analysis of bacteria-host
interactions (Falk et al., 1998; Backhed et al., 2005). Adult GF mice can be colonized with
limited or full mouse caecal or human fecal flora and studied over a short period usually not
exceeding two weeks (Lecuit et al., 2007). As we knew that bacteria affect the intestinal
mucus system, we undertook a systematic study colonizing GF mice with caecal flora and
followed these animals over eight weeks. The results showed that it takes about 5 weeks
until the small intestinal mucus becomes detached and about 6 weeks for the colon inner
mucus layer to become fully impenetrable as in conventionally raised (Convr) mice. The
microbiota showed dramatic transient alterations during this time and the composition did
not reach the conventionalized ones until after 8 weeks. These observations have strong
implications on how to perform studies including colonization of GF mice to study host-
microbe interactions.
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RESULTS

Germ free mice have a mucus system that differs from conventionally raised mice

Normal wild-type (WT) mice have mucus that provides protection of the epithelium by
creating a diffusion barrier with antimicrobial peptides in the small intestine and a physical
barrier restricting access of the microbiota in colon (Johansson et al., 2008; Ermund et al.,
2013). The mucus system in ileum and colon of GF mice was compared to Convr animals.
The thickness of the stimulated mucus on small intestinal explants showed a slight increase
in GF mice (Fig. 1A, i, initial thickness). However, a more pronounced difference was that
the GF ileum mucus could not be aspirated off as in Convr mice (Fig. 1A, p, post-
aspiration). The mucus thickness after aspiration was only decreased 23% in GF mice as
compared to Convr mice, where most of the mucus could be removed (85%). In colon, no
significant differences in thickness, growth, and attachment to the epithelium were observed
(Fig. 1B). Instead, major differences were observed in the mucus properties. The mucus
secreted on top of the colon explants was overlaid with bacterium-size fluorescent beads,
these were allowed to sediment into the mucus, and the penetration of these into the mucus
was estimated from confocal Z-stacks. Beads penetrated deep into the mucus of GF mice
while the mucus in Convr mice was impenetrable to all beads (Fig. 1C). Depleting most of
the intestinal bacteria in Convr mice by treatment with antibiotics for 3 weeks did not make
the mucus penetrable (Fig. 1C). The relative amounts of Muc2 in the mucus were estimated
by quantitative proteomics, and found to be significantly lower in colon of GF compared to
Convr mice (Fig. 1D). The mucus in both small and large intestine thus depends on bacteria
to become mature and normal.

Mucus layer thicknesses and penetrability during colonization

The different mucus properties in GF and Convr mice suggest a mucus maturation process
dependent on bacteria. To further address this, colonization of GF mice with caecal
microbiota from mice with well-developed impenetrable mucus was studied weekly from
two to eight weeks after colonization. A minimum of three mice were used for each
experiment and week. The experiments were repeated three times and showed consistent and
reproducible results. The initial mucus (i) thickness as well as the mucus remaining after
aspiration (p) was measured on explants from distal small intestine (Fig. 2A). The attached
mucus in colonized GF mice was preserved during the first three weeks of colonization and
did not resume a Convr-like phenotype until 4-5 weeks after colonization when the mucus
became detached and possible to aspirate. From five weeks of conventionalization the
mucus appeared as in Convr mice.

The proximal and distal colon mucus were studied and three parameters were quantified: the
thickness of the attached mucus at time zero (0); the thickness of the mucus at one hour due
to growth over this time (1); and the thickness of the attached mucus at 1 hour remaining
after taking away the loose and non-attached outer mucus (p) (Fig. 2B and C). There were
no major differences in the initial and final inner mucus layer thicknesses (0, p), nor in the
growth over this hour (1). The penetrability of beads the size of bacteria (0.5-2 pm) was
analyzed on colon explants from mice 2—8 weeks after colonization and compared to GF and
Convr mice (Fig. 2D and E). The distance between the top of the impenetrable mucus and
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the epithelium (mucus thickness) was measured (Fig. 2D). Representative combined z-
stacks are shown in Fig. 2E. At two weeks, the mucus was penetrable as in GF mice with a
large individual variation. Different from the GF animals, the beads showed increased
aggregation and clumping suggesting altered mucus properties at this time. At three weeks,
the mucus was highly penetrable and had beads in close contact with the epithelium in all
samples. After this time point, the inter-individual variability increased and a shift towards
more impenetrable mucus emerged during weeks 4-5. From week 6 and onwards the mucus
penetrability was essentially normal and similar to Convr mice. Together the results show
that normalization of the mucus layer after colonization of GF mice takes about 5 weeks in
the small intestine and about 6 in colon.

Bacteria localization in mucus during colonization

To illustrate the mucus maturation over an 8 week period, Carnoy-fixed tissue sections that
preserve the mucus were stained for Muc2 (green) and bacteria (by in situ hybridization with
a probe detecting most bacteria; red), and cells were visualized by their nuclei (blue) (Fig.
3). During the first weeks of small intestinal colonization, more secreted mucus was
observed compared to the later time points and to the Convr mice (Fig. 3A. 2—4w vs 8w-
Convr). At the same time the number of filled goblet cells was lower, something that could
suggest a larger mucus secretion at weeks 2—-4. The number of bacteria in the lumen was
lowest at week 2 and 8. At week 4, an increased number of bacteria was observed (Fig. 3A:
4w). In all samples, bacteria were found between the villi, but never in the small intestinal
crypts.

In the colon, an inner mucus layer was observed in all animals, both GF and Convr (Fig.
3B). However, the structure and thickness varied at different time points. The inner mucus
layer appeared thinnest in the GF mice and was best developed 7-8 weeks of colonization.
At 2 weeks, the mucus did not restrict the bacteria from being in close contact with the
epithelial cells (Fig. 3A, 2w), while an inner mucus layer with only few bacteria was
developed after 3 weeks (Fig. 3B, 3w). At this time point, the goblet cells showed decreased
intracellular staining of stored mucus in the theca, probably reflecting enhanced secretion.
At week 4, the highest amounts of bacteria in the mucus were observed and had contact with
the epithelium (Fig. 3B, 4w). Mucus secretion in the crypt was observed at week 4-6. From
week 6, the mucus looked as in Convr mice (Fig. 3B, 6w—8w). Together the tissue staining
showed a picture compatible with what was observed in the explant system at similar time
points.

Proteomic analyses of Muc2 and other proteins in the mucus during colonization

To address mucus protein alterations during colonization, the ileal and colon mucus from the
explants used for mucus measurements were isolated, digested by trypsin, and analyzed by
mass spectrometry (Rodriguez-Pineiro et al., 2013). Labeled peptides from abundant core
mucus proteins were added and the relative amounts of the proteins Muc2, Clcal, Fcgbp and
Agr2 were compared (Fig. 4A-D, Table S2). The first three proteins, but not Agr2, showed
a tendency for increased amount from the levels in GF during the first two weeks, after
which they remained relatively constant over the next 6 weeks (Fig. 4A-D). For Muc?2 the
increase was most pronounced in the colon, whereas for Clcal and Fcgbp ileum and
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proximal colon showed larger increments. The Muc2 mRNA expression levels in weeks 3-9
were stable over time (Fig. S1, Table S1).

The exposure of bacteria to the intestinal cells can be expected to increase proteins involved
in host responses. This was shown to be the case when the ileal mucus proteome was
analyzed for secreted antimicrobial proteins. The Reg3p and Reg3y proteins increased fast
from GF levels to a peak at week 2, whereas the alpha-defensins Defa20 and Defa21 peaked
slightly later (Fig. 4E). Interestingly, the increased amounts of these proteins then quickly
returned to the same low levels as seen in the GF mice as well as in the Convr mice. The
levels of the immunoglobulin J chain (IgJ) and the polymeric immunoglobulin receptor
(Pigr) also peaked in ileum at weeks 2 and 3, respectively. After this they decreased to lower
levels at week 6-8, but still not to the same low level as for the Convr mice (Fig. 4F). The
ileal amounts of the complement factor C3 peaked at week 2 and remained at an elevated
level during the colonization period. In contrast, the distal colon mucus levels of C3 showed
a peak in week 2 before returning to low levels at week 3 and onwards (Fig. 4G). Finally,
the wound healing component trefoil factor 3 (Tff3) showed an ileal peak at week 2 after
which it returned to levels similar to the Convr mice, whereas in the distal colon it peaked at
week 3 and then returned to levels similar to the Convr mice at weeks 6-8 (Fig. 4H).
Together this shows that different host response proteins all show increased levels following
colonization, however with variable peak times in the small and large intestine.

To further understand the host response to bacterial colonization, the mRNA expression
levels of the proinflammatory IL1p; IL10, IL13, IL17, and IFNy cytokines were analyzed in
colon. IL1P showed a slight increase at weeks 5-6, whereas IL17 had a peak in weeks 6—7
(Fig. 41-J, Table S1). Thus, cytokines peaked later during colonization as compared to other
host response proteins.

Alterations in the mucin oligosaccharides during colonization

Most glycans of the colon mucus emanate from the Muc2 mucin that was semipurified from
midcolon, the O-glycans released, and analyzed by capillary-LC mass spectrometry. The
obtained base peak chromatograms of GF, 3 weeks-colonized mice and Convr mice are
shown in Fig. 5A and Table S3. The glycans were different in the GF mice, but already at
three weeks the glycans were similar to previous studies of proximal and distal colon mouse
Muc2 that are characterized by their molecular masses m/z 1535, 530, 733, 813, 1681, 1469,
and 1711 (Fig. 5A) (Thomsson et al., 2002; Holmen-Larsson et al., 2013). The most obvious
GF mucus difference was the abundant core 2 trisaccharide with m/z 667 and the two
monosialylated core 2 isomers with myz 1243a and 1243b in that all decreased up to week 3
(Fig. 5A). Analyses of week 4, 6 and 8 showed similar Muc2 glycosylation patterns as week
3, while at week 2 the Muc2 glycosylation pattern was intermediate between GF and 3
weeks (not shown).

Next we determined the relative levels of the glycosyltransferases in the epithelial cells of
GF and Convr mice by proteomics (Fig. 5B, Table S4). Nine different peptidyl-GalNAc
transferases initiating the O-glycosylation on the peptide core were observed, with the
Galnt7 as the most abundant. All transferases required for generating the observed colon
Muc2 glycans were identified. A majority of the midcolon glycans were based on the core 2
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substructure (Galp1-3(GIcNAcB1-6)GalNAcol) formed by the beta-1,3-galactosyl-O-
glycosyl-glycoprotein beta-1,6-N-acetylglucosaminyltransferase 3 (Gent3), an enzyme
increased by conventionalization (Fig. 5B and C). The m/z 1535 glycan with a terminal
Sd?/Cad epitope was also increased upon conventionalization as was the ST3gal6 transferase
and became the most abundant glycan in Convr mice. The altered levels of the individual
glycosyltransferase were in accordance with the altered glycans, although many details of
the interdependence and specificities of the transferases have not been studied. Thus
colonization probably causes alterations in both the glycan structures and in the specific
serines and threonines glycosylated.

Intestinal microbiota development during colonization

FISH-staining of bacteria during colonization suggested microbial alterations of especially
the mucus-associated bacteria residing at the outer border or in the attached inner colon
mucus. To analyze the bacterial composition, luminal material (called lumen), and the
remaining tissue containing the attached mucus (called mucus) were sequenced for bacterial
16S rDNA. The way the experiments were performed, the bacteria in the mucus (mucosa)
could theoretically also reside within the tissue, but this was never observed by staining with
DAPI or FISH.

In the small intestine, Firmicutes dominated over the Bacteroidetes at week 2 and in later
weeks, as well as in Convr (Fig. 6A). The only exception was week 4, where a main
reconfiguration took place and the relative abundance of the Bacteroidetes increased and
reached the same level as the Firmicutes that declined (Figs. 6A, S2C, and Table S5). This
Firmicutes/Bacteroidetes shift observed at 4-5 weeks was found in both lumen and mucus
samples, but it was most pronounced in the mucus (Figs. 6A, S2A, S3A, and Table S5). At
the class level in the mucus, the increased Bacteroidetes corresponds to an increase in the
Bacteroidia class and the reduction in Firmicutes is explained by a dramatic decrease in the
relative amount of the Clostridia class (Figs. 6C, S2D, and Table S5). The Erysipelotrichi
class increased at weeks 4-5 in both ileum lumen and mucus and returned to week 2-levels
at weeks 6-8 (Figs. 6C, S2BD). The segmented filamentous bacteria (SFB) genus
Candidatus Arthromitus was as expected by its epithelial cell attachment largely found in
the ileum mucus fraction (Fig. 6E, S4D, and Table S5). Interestingly, this genus almost
disappeared at weeks 4-5, but as for other bacteria returned to levels found in the first weeks
of colonization (Fig. 6E, S4D, Table S5). SFB in the lumen also followed the same pattern
with a decrease at week 4 (Fig. S4D). Concomitant with the decrease in SFB at weeks 4-5,
there was an increase in several genera, such as Lactobacillus, Allobaculum, and an
unknown genus of the class Bacteroidia (family S24-7) (Figs. 6E and S4A, E, F, Table S5).
Lactobacillus was a dominant genus in ileum lumen and followed the mucus levels, as was
also the case for the two other bacteria except Lactobacillus at week 4 (Fig S4A).

The return to the Convr microbiota composition coincided in time with the transformation of
the small intestinal mucus from an attached to released phenotype. We have previously
observed that the Muc2 mucin is released by the protease meprin 3 and that this enterocyte
anchored meprin 3 was not released into the mucus in GF animals (Schutte et al., 2014). To
analyze the period studied here, we searched the mucus proteome for meprin . As before,
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no meprin p was found in the GF mucus, but surprisingly meprin § peptides were found
already at week 2, before the Muc2 mucin was released (Fig. S5). This may suggest that the
released meprin 3 remains inactive, as it has to undergo proteolytic cleavage to become
activated.

In distal colon there was a shift with less Firmicutes and more Bacteroidetes at week 4 in the
mucus and week 5 in the lumen (Fig. 6B, S2Gl, S3C, and Table S5). This is due to a relative
increase in the Bacteroidia class and a relative decrease in the Clostridia class (Fig. 6D,
S2HJ, and Table S5). In the mucus, a few dominant genera within the Firmicutes phylum
were decreased at week 4, e.g. two undefined genera within the Clostridia class (Fig. 6F and
Fig. S4B-C). The genera Lactobacillus, Bacteroides, an unknown genus within the family
Rikenellaceae, and Allobaculum were all increased at week 4 in distal colon mucus (Fig. 6F
and S4AAEGH). The phylum and class Deferribacteres, with Mucispirillum (known to be
mucus associated) as the major genus, were found in increased relative levels in the distal
colon mucus at weeks 7-8, suggesting a special niche in the well-developed mucus (Fig. 6F,
S2I-J, and Table S5). This phylum, class, and genus were also found in ileal mucus, the
lumen in distal colon, as well as in caecum, however in very low levels (Table S5). This
genus was only found in ileal mucus at weeks 7 and 8, suggesting that a special niche for
Mucispirillum was developed at this time point. In caecum the microbiota composition was
stable throughout the colonization experiment, however, the shifts seen in ileum and distal
colon can also be observed less pronounced in caecum (Figs. S2EF, S3B, and Table S5).
The microbiota of the Convr mice was almost identical to that of week 8, although a careful
comparison suggests that the microbiota was still not completely developed. The microbiota
diversity was more stable in distal colon and caecum than in the ileum (Fig. S6).

DISCUSSION

Humans are considered to be born bacterially sterile, however immediately following birth
there is an extensive colonization of all body sites (Walker, 2013). There is an intimate
contact between the bacteria that reside within the human body and internal surfaces, for
example the mucosal surface within the Gl tract. In human infants, a high variability is
observed within the gut microbiota during the first year of life that starts to stabilize at two
years of age (Jakobsson et al., 2014; Backhed et al., 2015). Little is, however, known about
the interaction of the bacteria on the development of the mucus layer in the Gl tract. By
colonizing GF mice we aimed at understanding the interplay between gut microbiota and the
mucus of ileum and distal colon.

Similar to the gut microbiota, the mucus system also varies along the length of the intestine.
In the small intestine a single mucus layer covers the epithelial cells whereas the large
intestine is covered by two layers (Ermund et al., 2013; Johansson et al., 2013). The mucus
of the GF small intestine is anchored to the goblet cells and require the meprin p enzyme to
be released (Schutte et al., 2014). Further studies here show that the conversion to this
normal colonized phenotype takes 4-5 weeks. The large intestine has a two-layered mucus
system also in GF animals (Johansson et al., 2008), but as shown here the inner mucus layer
was fully penetrable to beads the size of bacteria. The outer non-attached mucus layer is
continuously formed from the inner mucus layer also in the GF mice. Two weeks after
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colonization the inner mucus layer thickness had increased to normal values, penetrable to
bacterial-sized beads. The thickness of the impenetrable part of the inner mucus started to
increase at week 4, was highly variable at week 5, and reached normal levels at week 6. The
mucus properties at weeks 2—-3 were different, although difficult to visualize and measure.
At this time the mucus was stickier and adhered to the glass pipet at the same time as the
fluorescent beads had a strong tendency to aggregate. This type of mucus has not been
observed in any other experiments. The transition from GF to the Convr mucus phenotype is
thus not linear and involves processes probably controlled by the host’s epithelial cells.

Regional differences in O-glycan patterns have been observed in Convr mice. For example,
the proximal and distal colonic Muc2 mucin carries different glycan repertoires as compared
to the small intestine (Holmen-Larsson et al., 2013). The present study was performed in the
midcolon, which was shown to have an intermediate pattern compared to the distal and
proximal colon (Holmen-Larsson et al., 2013). Although human intestine shows a different
glycan repertoire compared to the mouse, they also have a mucin O-glycan gradient from
ileum to the distal colon (Robbe et al., 2003). Studies have further shown that there is a
region-specific bacterial colonization in the different parts of the gastrointestinal tract,
suggesting that the mucin O-glycans can have a role in the selection of bacterial microbiota
(Sekirov et al., 2010). Six different sialyltransferases were detected, although the products of
only a few of these could be suggested. Two sulfotransferases were observed together with
expected sulfated GIcNAc and Gal residues. Most glycans in midcolon contain the core 2
substructure, something that is in accordance with the levels of Clgaltl, Clgaltcl and
Gent3, all increasing upon colonization. Altered levels of the required glycosyltransferases
were observed during colonization, although these appear rather modest in comparison with
the observed alterations in the levels of O-glycans. These observations suggest a complex
interrelation of glycan genes and their secondary products.

Already 3 weeks after the introduction of intestinal bacterial microbiota into GF mice, the
glycosylation pattern appeared to be normalized and the levels and activities of glycosyl-
and sialyltransferases seemed to reach normal values. This suggests that the mouse
glycosylation machinery is a rather robust system that responds fast to the bacteria and their
secreted products. Mucin O-glycosylation has also been previously shown to be a dynamic
system and glycan patterns are commonly altered as secondary effects to infection and
inflammation. The Fut2 enzyme is known to be upregulated in the mouse small intestine
upon infection and in cystic fibrosis (Bry et al., 1996; Holmen et al., 2002; Thomsson et al.,
2002). Patients with ulcerative colitis have been shown to have a transient altered
glycosylation of MUC?2 that was reversed to normal when the patient went into remission
(Holmén Larsson et al., 2011). Together it can be suggested that the glycosylation of mucins
and other glycoconjugates is modulated by infection and inflammation, something that is
also observed here.

The human and mouse gut is heavily colonized by different bacteria, however only two
major phyla dominate: the Firmicutes and the Bacteroidetes. This was seen also in the
present study where these two phyla constituted the major gut microbiota at all locations and
during the entire length of the colonization. As seen in human infants (Jakobsson et al.,
2014; Backhed et al., 2015), the Bacteroidetes compose a large part of the gut microbiota at
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early time points followed by a decline after four weeks. In the present mouse study, a
transient shift between Firmicutes and Bacteroidetes with a peak of Bacteroidetes at week 4
was observed first in the small intestinal mucus. Samples from lumen and caecum showed a
similar pattern. Members of the Clostridia class that had been very dominant for the first 2-3
weeks were reduced during the expansion of the Bacteroidetes. Once the Bacteroidetes had
declined, the members of the Clostridia class expanded back to normal levels. This is similar
to what was observed in human infants (Jakobsson et al., 2014). Ileum was quickly and
heavily colonized by segmented filamentous bacteria (SFB) and interestingly this bacterial
group disappeared at weeks 4-5 after colonization. SFB expanded back again at week 6 as
the relative levels of Bacteroidetes declined.

At eight weeks following colonization the microbiota composition was similar to that of the
Convr mice, although it is evident that the microbiota at week 8 still undergoes some
compositional modifications. The bacterial diversity was higher in colon than in ileum as
previously observed, but there was a higher individual variation in the ileum (Booijink et al.,
2010).

After 4-6 weeks the inner colon mucus started to show the normal phenotype and went from
a penetrable to impenetrable mucus layer, something that influenced the bacterial niches.
This was evident for Deferribacteres, with its major species Mucispirillum present in low
relative amounts during the first six weeks and suddenly expanding in weeks 7—8. This was
most evident in the distal colon where the inner mucus layer is best developed. This suggests
a special mucus niche for this bacterium, something that has also been observed before
(Robertson et al., 2005; Vereecke et al., 2014; Belzer et al., 2014).

The microbial alterations were larger in the ileal mucus. Several of the bacterial changes
were first observed in the ileal mucus and then slightly delayed also in ileal lumen and distal
colon mucus. These observations suggest that the small intestine and its mucus properties
might be important for bacterial selection. The bacterial composition at week 2 primarily
reflects the donor mice microbiota. Earlier studies have shown a rapid microbial alteration
associated with immune responses at week 4 and onwards like Reg 3 p/y in our study (El
Aidy et al., 2012; El Aidy et al., 2013). Their study also suggests that the bacterial
alterations cause a metabolic reorientation. The protein levels of the defensins, IgJ as a
marker for IgA and the transporter for immunoglobulins over the epithelium peak at week
2-3 as a response to the bacteria. During weeks 2 and 3 the mucus remained attached to the
epithelium. This probably facilitated the expansion of the Bacteroidetes during weeks 3 and
4 and outcompeted the SFB that require close accession and attachment to the epithelial
cells (Ivanov and Littman, 2010). This situation dramatically changed when the small
intestinal mucus was altered and became detached from the epithelial cells during weeks 4
and 5. This changed the situation and the Bacteroidetes started to return to lower more
normal levels at the same time as the Firmicutes increased (including the SFB). The
bacterial composition returned to a more ‘normal’ status after this. It is very likely that the
alteration in mucus properties might drive this bacterial shift. We can conclude that the
mechanism of releasing the Muc2 mucin and thus the mucus is very important for
controlling the small intestinal microbiota and thus also the colonic one.
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The mucus of the small intestine requires an active and released meprin  protease (Schiitte
et al., 2014). This enzyme is cleaving at least two sites in the N-terminal part of the MUC2
mucin and by this releasing the MUC2 mucin from its anchor (Schitte et al., 2014). Meprin
B is made by small intestinal enterocytes where it is inserted in the apical brush border
membrane (Lottaz et al., 1999). GF mice express meprin 3, but it remained anchored to the
enterocyte membrane and thus not released into the mucus and not able to detach the mucin
(Schiitte et al., 2014). However, peptides diagnostic for meprin § were found in relatively
high amounts in the mucus at weeks 2—3. These two meprin p peptides declined at the same
time as the MUC2 mucin was detached from its epithelial attachment. Meprin f is made as
an inactive proenzyme and requires proteolytic cleavage for activation (Sterchi et al., 2008).
This cleavage is not fully understood when it comes to localization and enzyme, but occurs
around the two meprin B peptides that declined at week 4. It can be proposed that meprin 3 is
released from its anchor during the initial colonization, but that its activation is delayed until
weeks 4-5. The processes of meprin  activation and processing of the MUC2 mucin are
thus not fully understood and require further demanding studies due to the complex and
insoluble nature of the Muc2 mucin and the presence of both endogenous and bacterial
proteases during these time points.

Little is known about the molecular mechanisms that control the colon mucus properties. As
Muc2 forms the skeleton of the mucus it is understandable that the lower amounts of Muc?2
present in the GF mucus could make this more penetrable to bacteria. However, the mucus
proteome and glycome is normalized around week 3 after which the mucus is still penetrable
to bacteria. There are thus additional unknown mechanisms involved, but it is known that
the immune system, exemplified by 1L10, is important as the 1L10~/~ mice have a normal
mucus thickness that is fully penetrable to bacteria (Johansson et al., 2014). Also other
cytokines could be involved as the colonic IL1f and I1L17 levels peaked at late colonization
stages with impenetrable mucus. Obviously this mucus maturation process is driven by
bacteria, but the mechanisms involved are still far from understood. Lipopolysaccharides
(LPS) and peptidoglycans (PGN) are likely to be involved as they can stimulate mucus
secretion in GF mice (Petersson et al., 2011). However, this is not that simple as shown in a
recent study where the inner mucus layer was penetrable in mice with one bacterial
composition, but not another (Jakobsson et al., 2015). This suggests that certain bacteria or
groups of bacteria are better in triggering a non-penetrable inner mucus whereas others
might have the opposite effect. This complex host-bacteria interaction is not only based on
LPS and PGN and might for example involve one or several of the numerous small
molecules secreted by intestinal bacteria (Donia and Fischbach, 2015). The host response to
bacteria seems also to contain some long-lasting mechanisms, as ablation of most bacteria
from Convr mice by four antibiotics did not render the inner mucus penetrable after three
weeks. This again suggest a complex, well programmed, and intricate system of intestinal
interaction between host and microbe.

The present study shows that conventionalization of GF mice is a slow and complex process.
The mucus system of the small and large intestinal tract takes 5 and 6 weeks, respectively, to
come close to a normalized mucus phenotype. To reach a bacterial composition similar to
the Convr mice, additional weeks are needed and around 8 weeks of colonization are
required. This time span is not normally used for conventionalization studies of GF animals
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as the standard time typically used is rather two weeks. Two weeks is the time when the
small intestinal mucus peaks in defensin amounts and remains anchored, and when the large
intestinal mucus is partly penetrable and stickier. The present results suggest that
conventionalization experiments of adult GF animals addressing bacterial-host interaction
should be performed for longer times. How human microbiota might influences the mouse
mucus system remains to be addressed.

EXPERIMENTAL PROCEDURES

Animals

GF female mice (8-16 weeks) were colonized with caecal bacteria from C57BL/6 mice with
normal mucus phenotype. Each experiment and week was performed on a minimum of 3
mice and repeated 3 times. Convr C57BL/6 mice were given ampicillin (1 g/l, Doktacillin,
AstraZeneca), metronidazole (1 g/l, Sigma) vancomycin (0.5 g/, Hospira) and neomycin
trisulfate (1 g/I, Sigma) in the drinking water for 3 weeks (Fu et al., 2011).

Explant and mucus thickness and penetrability measurements

Gastrointestinal tissue was mounted in a horizontal perfusion chamber (Gustafsson et al.,
2012b). The thickness of the intestinal mucus was measured (Gustafsson et al., 20123;
Gustafsson et al., 2012b). Mucus penetrability was measured (Gustafsson et al., 2012b;
Johansson et al., 2014).

Tissue fixation and immunostaining

Intestine with fecal material were fixed in water free-Carnoy (methanol) and stained with
hematoxylin and eosin, Alcian blue/periodic acid-Schiff (PAS) or hybridized with 10 ng/uL
of a general bacterial 16S rRNA gene probe (EUB 338) and immunostained for Muc2 using
the MUC2C3 antiserum, and DNA by Hoechst 34580 (Life technologies) (Johansson et al.,
2008).

Proteomic analyses

Mucus samples removed after thickness measurements were solubilized in a guanidinium
hydrochloride-based buffer, following the filter-aided sample preparation (FASP) and mass
spectrometry with the addition of isotopicall internal standard peptides for Muc2, Clcal,
Fcgbp and Agr2 (Rodriguez-Pineiro et al., 2013). Intestinal tissues were incubated in PBS
containing 3 mM EDTA and 1 mM DTT at 37°C for 60 min and epithelial cells dissociated
by vigorous shaking in PBS and pelleted at 1000g, 5 min.

Mucin oligosaccharide analysis

Mucus from midcolon of GF, Convr, and conventionalized mice (2, 3, 4, 6 and 8 weeks after
gavage) was scraped and the insoluble Muc2 mucin semipurified by repeated 6M
guanidinium hydrochloride (GuHCI) extraction, mucins separated by Ag-PAGE composite
gel electrophoresis and the Muc2 mucin O-glycans analyzed by mass spectrometry after
reductive pB-elimination (Holmen-Larsson et al., 2013).
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Quantitative real-time PCR

Distal colon (10-30 mg) with fecal material removed were snap-frozen and analyzed by Q-
PCR for Muc2, IL1p, IL10, IL13, IL17, and IFNgamma.

Microbiota analysis

DNA was extracted from 80 mg of caecal sample and 10-130 mg of lumen or mucosal
tissue from each mice (Jakobsson et al., 2015). Bacterial 16S rRNA gene sequences were
amplified using the primers 27F (5’ AGAGTTTGATCCTGGCTCAG 3’) with Titanium
Adaptor B and 338R (5’ TGCTGCCTCCCGTAGGAGT 3’) with Titanium Adaptor A and a
sample-specific barcode sequence (Fierer et al., 2008) consisting of twelve nucleotides
targeting the V1-V2 hypervariable region of the 16S rRNA gene. Samples were sequenced
using Roche 454 FLX and Titanium chemistry (Roche) at SciLife (Solna, Sweden). Finally,
data analysis was done using the QIIME software (1.7.0) package (Caporaso et al., 2010).

Statistical analysis

For all mucus measurements data comparing two independent groups was analyzed using a
two-tailed Mann-Whitney U test. Multiple independent group comparisons were performed
using Kruskal-Wallis ANOVA with Dunn’s correction for multiple comparisons. GraphPad
Prism 6 was used for plotting the results. A P-value <0.05 (*) was regarded as statistically
significant (**= P<0.01, ***= P<0.001, ****= P<0.0001). Only significant differences are
marked in graphs. The peptide ratios from the proteomics data were analyzed for significant
differences by ANOVA with 250 randomizations and FDR correction at 1%. Multiscatter
between all samples and correlation calculations using Pearson’s correlation coefficient
were performed. For the microbiota analysis, statistical significance testing for over- and
under-representation of the bacterial lineages was made at phylum, class and genus (3%
dissimilarity) levels. Significant differences were analyzed using the Wilcoxon rank-sum
test, and P-values were converted to false discovery rate values (g-values) to correct for
multiple testing in the R software (http://www.r-project.org/).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Mucus in germ free and conventionalized mice
(A) Mucus thickness in distal small intestine of germ free (GF) or conventionally raised

(Convr) mice was measured as initial thickness (i) or post-aspiration (p). The mucus
thickness was significantly different before and post-aspiration. The mucus remaining after
aspiration was significantly different between GF and Convr mice revealing attached mucus
in GF mice. (B) Mucus thickness measured in distal colon during 1h. The results are
reported as the thickness of the initially attached mucus (0), mucus thickness after 1h (1) and
the attached mucus after 1h post aspiration (p). No differences between GF animals and
Convr controls were observed. (C) Mucus penetrability to beads the size of bacteria (0.5-2
pum) was measured by adding beads to newly secreted mucus and allowing sedimentation for
40 min followed by collecting confocal Z-stack images. The impenetrable mucus fraction
was analyzed in distal colon and revealed significant differences between GF and Convr
mice. Treatment with antibiotics for 3 weeks did not impair the mucus penetrability (Abx).
(D) Muc?2 protein amounts were analyzed by mass spectrometry with heavy labelled
peptides and significantly higher amounts of Muc2 were observed in colon of Convr mice
compare to GF (*= P<0.05, **= P<0.01, ***= P<0.001, ****= P<(.0001).
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Figure 2. Mucus during colonization with a complex microbiota
(A) Mucus thickness in distal small intestine was measured as in Fig. 1A during 2 to 8

weeks of colonization. The mucus was removable after 4 weeks of colonization. (B-C) The
mucus thickness was measured over 1 h in proximal (B) and distal (C) colon as in Fig. 1B
during 2-8 weeks of colonization. (D) Mucus penetrability was analyzed in distal colon
during colonization as in Fig. 1C. An impenetrable mucus developed after 6 weeks. (E)
Representative pictures of confocal Z-stacks from the penetrability experiments with beads
(0.5 pum red, 1 um purple, 2 um green) close to the epithelium (blue) in GF, 2 and 3-week
colonized mice. Mucus separated the beads from the epithelium in Convr mice and after 8
weeks of conventionalization. The scale bar represents 100 pm. **, P=0.016, ***, P=0.002.
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Figure 3. Immunohistology of small intestine and colon during conventionalization
Immunostaining of sections from distal small intestine (A) and distal colon (B) of Muc2

(green) with FISH detecting bacteria (red) and Hoechst counterstain of DNA (blue). Double
arrows indicate the inner mucus layer. Inserts show the bacteria magnified in the boxed
areas. Typically, the middle part of the inner mucus layer is not stained as well as Muc2 at
other locations. Scale bars in A, upper panel and B, 50 um; A, lower panel, 25 um.
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Figure 4. Alterations in mucus proteins after colonization of germ free mice
Amounts of the mucus protein Muc2 (A), Clcal (B), Fcgbp (C), and Agr2 (D) relative to

supplemented labelled internal standard peptides in the ileum, proximal colon and distal
colon as determined by proteomics of aspirated mucus from explants. (E-F) Alterations in
relative amounts of antibacterial peptides/proteins (E), immunoglobulin J chain (IgJ) and the
polymeric immunoglobulin receptor (Pigr) (F) in ileum as determined by proteomics of
aspirated mucus from explants. (G—H) Alterations of the protein amounts of complement
factor 3 (C3) and trefoil factor 3 (Tff3) in ileum and distal colon as determined by
proteomics of aspirated mucus from explants. (I-J) mMRNA levels of IL1p (1) and IL17 (J) as
determined by Q-PCR in whole distal colon tissue. See also Fig. S1, S5, and Table S2.
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Figure 5. Glycosylation alterations during colonization
(A) Base peak chromatograms of the capillaryLC-MS/MS analyses of the mouse midcolon

Muc2 O-glycans of a GF mouse (top), GF conventionalized for 3 weeks (middle), and
Convr WT mouse (bottom). The most abundant glycans in the LC profiles are annotated in
the figure. Arrows point to major alterations. (B) Relative abundance of glycosyltransferases
in the epithelial cells of GF and Convr mice as determined by proteomic analyses. (C)
Proposed biosynthetic pathways and corresponding glycosyltransferases for the observed
Muc?2 glycans. Blue arrows show increased or decreased levels of the transferases upon
colonization. See also Table S3-S4.
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Figure 6. Microbiota alterations in ileum and distal colon mucus during colonization
(A-B) The relative abundance (%) of the Firmicutes and Bacteroidetes phyla in ileum

mucus (A) and distal colon mucus (B) at weeks 2-8 after colonization. (C-D) The relative
abundance (%) of classes found in ileum mucus (C) and distal colon mucus (D) at weeks 2—
8 after colonization. (E-F) The relative abundance (%) of selected, most abundant, genera in
ileum mucus (E) and distal colon mucus (F) at weeks 2-8 after colonization. n=2-3 mice/
time point. For details regarding bacteria and mice, see also Figs. S2-S4, S6, Table S5.
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