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General introduction

1.1 Overview of the mammalian gastrointestinal tract and its cellular
architecture
The mammalian gastrointestinal (GI) tract consists of the stomach, small intestine and
large intestine all of which have distinct anatomical features and physiological roles in the
digestion and absorption of nutrients and retention of water and electrolytes. The small
intestine, which includes the duodenum, jejunum, and ileum, is the major organ for the
absorption of nutrients. The large intestine or colon comprises the ascending, transcending,
and descending colon and functions to reabsorb water and salts from indigested food
matter, and to excrete waste material from the body (Fig. 1A). The intestinal wall consists
of 4 tissues layers enveloping the lumen. The inner-most layer, is the mucosa comprising of
a single layer of epithelial cells and a thin layer of loose connective tissue called the lamina
propria (LP) beneath the epithelium. The epithelium forms physical barrier between the
intestinal lumen (topologically the outside of the body) and the inside of the body. The
second layer is the muscularis mucosae comprising two layers of muscle (one longitudinal
and one circular) that enables peristalsis to move intestinal contents through the GI tract.
Surrounding this is the submucosa, a highly vascular layer of loose connective tissue,
including lymph vessels and nerves. The outer tissue is a layer of loose connective tissue
known as the serosa or adventitia (Fig. 1B and C). In humans, the epithelium is renewed in
approximately 5 days by proliferation and differentiation of pluripotent stem cells at the
base of each crypt. The epithelium of the human and rodent small intestine contains four
different cell lineages; absorptive cells (enterocytes) and secretory cells (enteroendocrine,
Paneth, and goblet cells), which are in direct contact with the lumen. These cell types are
also present in the epithelium of the mammalian large intestine with the exception of
Paneth cells. The huge surface area of the intestine (approximately 200 m2 in humans)
is exposed to (potentially) harmful substances in the lumen as well as the large number
of commensal bacteria, collectively known as microbiota. The total number of bacteria
inhabiting the human GI tract is around 1013-1014, which exceeds the number of cells in
the human body by a factor 10. The concentration of intestinal bacteria progressively
increases from the duodenum to the colon: from 102-103 per gram of luminal content, in
the duodenum and jejunum, to 107-108 in the ileum and 1011-1012 in the colon 1 (Fig. 1A).
This microbial ecosystem contains at least 500 to 1000 species of eukarya, archea, and
bacteria 2 that vary in composition and abundance along the GI tract. In healthy adults,
the intestinal microbiota is dominated by two phyla, the Bacteroidetes and the Firmicutes
3
. Other phyla that are present but less abundant are Proteobacteria, Verrucomicrobia,
Tenericutes, Deferribacteres and Fusobacteria 3 4. Despite high species diversity and
differences between individuals there appears to be a common “functional core” of bacteria,
which is shared among most of the human population 5 6. The bacteria reside in the lumen,
some of which are in proximity to the mucosa, and enzymatically degrade glycans and use
11
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the breakdown products as nutrients. Akkermansia muciniphila is one of the few mucindegrading bacterial species that has been cultured and characterised in detail 7.
A

B

C

Figure 1: Picture of the mouse GI tract and
estimated bacterial load in the luminal
compartment (A). Microscopic images
of cross-sections of the small and large
intestine stained with haematoxylin and
eosin (B). Schematic representation of an
epithelial crypt and different epithelial cell
lineages in the mouse small intestine (C).
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The intestinal microbiota is often referred to as a metabolic ‘organ’ due to its role
in harvesting energy for the host from the fermentation complex carbohydrates
that cannot otherwise be digested. It is also recognized that the microbiota plays an
important role in shaping aspects of host physiology and immune function 8 9. Although
the microbiota is an important part of our lives, it also brings certain risks and may
harbour opportunistic pathogens. When micro-organisms penetrate our tissues,
serious diseases, like chronic inflammation, and even death by sepsis, might follow.
To avoid this several mechanical, physical, chemical, and immunological mechanisms
have evolved to help maintain intestinal homeostasis and the symbiotic relationship
between host and microbiota 10.

1.2 The gut barrier principle

The gut barrier principle can be defined as the collective mechanisms that allow
physiological process of digestion and uptake of nutrients to occur, while preventing
bacterial colonization of tissues, entry of potentially inflammatory or of harmful antigens
and bacteria into tissues. The gut barrier consists of multi-layered defences (Fig. 2). The
first layer of defence comprises all the physical barriers and the different tissue layers of
the intestine (including tight junctions (TJ)), which separate the systemic compartment
from the outside (described above). This includes the epithelial cell barrier, which is
reinforced by the mucus layer and a range of antimicrobial peptides, and proteins that
prevent intimate contact with the commensal and pathogenic bacteria.

Paneth cells in the small intestinal epithelium secrete a diverse range of peptides and
proteins with antimicrobial properties, referred to as antimicrobial peptides (AMPs).
A major group of these AMPs in mammals are defensins, which are highly basic, small
antimicrobial peptides of 2-6 kDa with a β-sheet structure and six cysteine residues,
which are disulphide linked 11 12. Defensins show antimicrobial activity against Grampositive and Gram-negative bacteria, certain fungi, protozoa and enveloped viruses 13
14
. There are 3 subgroups of defensins: α-defensins, β-defensins and θ-defensins, based
on structural features of the gene, such as the connectivity of three cysteine linkages,
precursor and mature peptides 15 16. Humans produce 2 known Paneth cell α-defensins,
HD5 and HD6 as well as 6 β-defensins (HBD), produced by epithelial cells in the
intestine. Human β-defensin-1 is constitutively expressed in enterocytes, whereas
the expression of human β-defensin-2 (HBD2) and human β-defensin-3 (HBD-3) are
induced by microbial products and inflammatory cytokines 17. Inducible expression
of HBD-2 in enterocytes has been shown to be dependent on Toll-like receptor (TLR)
or MyD88-dependent signalling 22 23. The bactericidal activity of defensins is obtained
through interaction with the bacterial membrane. Initially the defensins are attracted to
the membrane by electrostatic interactions, and through their amphipathic properties

13
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they associate and displace lipids to cause pores in the membrane . This is called the
“carpet wormhole” mechanism and eventually leads to the loss of membrane integrity
and cell death 13 15 14.

Other antimicrobial factors produced by Paneth cells include lysozyme, secretory
phospholipase A2, angiogenin-4, and hepatocarcinoma-intestine-pancreas/pancreaticassociated protein (HIP/HAP) 11 12. The latter, the orthologue of Reg3γ (Regenerating
gene 3 gamma) in mice, belongs to the C-type lectin superfamily based on cDNA sequence
homologies 24 25, and shows inducible expression in the pancreas and intestine 26. Reg
proteins, more specifically Reg3 proteins, have shown great relevance in homeostasis
and disease, both in humans and animal models 27.
Non-specific secretory immunoglobulin A (sIgA) is also produced by activated B cells
and is transcytosed across epithelial enterocytes into the lumen via the polymeric
IgA transporter. Secretory IgA limits bacterial association and penetration with the
intestinal epithelial cells by causing agglutination of bacteria in the intestinal lumen
28-29
. Secretory IgA can also interfere with assembly of intracellular viruses in the Golgi
apparatus during transcytosis and remove potential inflammatory antigen complexes
from the lamina propria by binding during transport via the polymeric IgG receptor.
Humans secrete several grams per day of sIgA into the intestinal lumen highlighting its
importance to mucosal protection 30.

Figure 2: Schematic representation of the gut barrier principle in the small intestine.
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The second layer of gut defence is composed mainly of innate myeloid and lymphoid
cells and includes the gut-associated lymphoid tissue (GALT). Along the intestine,
specialized lymphoid structures, including Peyer's patches (PPs) and isolated lymphoid
follicles permit the sampling of luminal antigens via specialized M cells in the follicular
epithelium 31. Dentritic cells (DCs) play a key role in the induction of tolerance and
immunity. Different subsets of DCs reside in PPs and in the lamina propria (LP) where
they can sample luminal antigens by extending dendrites through the epithelial tight
junctions into the intestinal lumen 32. Epithelial and immune cells such as DCs in the LP
recognize microbes through common structures on microorganisms often referred to
as pathogen-associated molecular patterns (PAMPs) or microbe-associated molecular
patterns (MAMPs) via pathogen recognition receptors (PRRs). The best-characterized
family of PRRs is the Toll-like receptor (TLR) family, which are expressed on cells of the
myeloid and lymphoid lineages as well as on non-immune cells such as enterocytes and
fibroblasts. Innate recognition of microbes and MAMPs by host PRRs plays a pivotal role
in the maintenance of intestinal homeostasis. These families of receptors are involved in
immune cell activation, production of cytokines and chemokines as well as regulation
of production of components of the gut barrier such as antimicrobials, mucins, and TJ
proteins 33.

1.3 Homeostasis of the intestinal barrier

The intestinal barrier is essential for maintaining intestinal homeostasis and health and
impairment increases the risk of development of inflammatory and other gut diseases.

Mucosal inflammation may be a key driver for the abnormal composition and decreased
complexity and richness of the microbiota that are common features in inflammatory
bowel diseases (IBD) patients and mouse models of colitis 34 35 36. Many studies have
described changes in the microbiota of IBD patients, the majority of which have been in
Crohn's disease (CD) cases. Collectively, these studies have shown that in both CD and
ulcerative colitis (UC) there is a lower proportion of Firmicutes, an increase in Gammaproteobacteria including the Enterobacteriaceae, and an overall decrease in biodiversity.
In CD patients the Clostridia are altered due to decreased abundance of the Roseburia
and Faecalibacterium genera of the Lachnospiracae and Ruminococcaceae families,
an exception being Ruminococcus gnavus, which increases in abundance 37 38 39. The
inflammatory processes in the intestine may enable the Enterobacteriaceae to gain an
advantage over other commensals as they can use products of the host inflammation
such as tetrathionate and nitrate as electron acceptors for anaerobic respiration and
growth 40 41 42. E. coli symbionts exhibiting pathogen-like behaviours such as adhesion
and invasiveness (AIEC) are more frequently cultured from IBD patients 43.
15
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The inherent property of the gut to act as a semipermeable barrier is crucial for the
maintenance of health. As an example of failing barrier function, between 12% and 50%
of patients with irritable bowel syndrome (IBS) have been reported to have altered
intestinal permeability in research studies 44, using various methods to reflect gut
permeability at different parts of the gastrointestinal tract 45 46, and both post infectious
IBS as well as non-selected groups of patients with IBS have been investigated. An acute
bacterial infection results in a transient increase in intestinal permeability 47 48. This
phenomenon seems to be highly persistent in patients who develop post infectious IBS
48 49
, but altered intestinal permeability does not seem to be confined to post infectious
IBS alone, as the different subtypes of IBS all seem to have a proportion of patients with
increased gut permeability 50.
The mechanisms underlying increased permeability in IBS have not been fully
established, but the impaired expression of epithelial tight junctions and adherencejunction-associated proteins is probably involved. For example, studies demonstrating
low expression of the tight junction protein zonula occludens 1 junctional adhesion
molecule A (JAMA) and E cadherin in IBS imply a dysfunctional mucosal epithelium in
these individuals 51 52. However, whether the alteration in permeability precedes onset of
IBS, maybe as a result of luminal or host factors, or whether it merely reflects alterations
associated with the disorder is unknown.

Celiac disease constitutes a unique model of auto immunity; in contrast to most
other autoimmune diseases, a close genetic association with HLA genes, a highly
specific humoral auto immune response against tissue transglutaminase. Early in the
development of celiac disease, tight juctions (TJs) are opened 53 54 and severe intestinal
damage ensues 54. The up-regulation of the zonulin innate immunity pathway is directly
induced by exposure to the disease’s antigenic trigger, gliadin 55. Gliadin has been shown
to also be a potent stimulus for macrophage proinflammatory gene expression and for
cytokine release 56.

1.4 Mucus is a key component of the intestinal barrier
1.4.1 Structure and function

Intestinal mucus is the term given to the translucent gel-like substance forming a
lubricant and physical barrier between the lumen content and the epithelium. Mucus
is formed by the N- and C-terminal polymerization of MUC2, a large mucin polypeptide
(around 500 kDa) that is highly O-glycosylated in the Golgi apparatus 57 58. The proline,
threonine, serine-dominated (PTS) domains of Muc2 are covalently modified with
GalNAc (N-acetylgalactosamine) and further extended and branched by a series of other
glycosyltransferases 59 60, resulting in a voluminous and brush-like structure of complex
glycans 61 62. Substantial, co-translationally added N-glycosylation helps to structure the N16

General introduction

and C-terminus of the polypeptide. The polymerization of MUC2 occurs after glycosylation
to form the large net-like polymers secreted by epithelial goblet cells (Fig. 3).

Unique sequence Muc2

VWF-C-like domain

PTS-domain:
PTSdomain: PTTTPITTTTTVTPTPTPGTQT

C-terminal domain

Cysteine-rich domain

glycan
N-glycam

VWF-D-like domain

O-glycan

Figure 3: Schematic representation of a MUC2 molecule re-drawn from Dekker et al. 2002 63.

When mucus is released from the goblet cells, it attracts and binds water; forming a gel
64
. Approximately 95% of the weight of this gel comprises of water 65. The colonic mucus
forms 2 layers, a dense inner layer closest to the epithelium, and a loose outer layer. The
inner layer contains few if at all bacteria compared to the loose outer layer of mucus 64
66
. The conversion of mucus from the dense to the loose structure is based on limited
proteolytic action of host enzymes, possibly complemented by microbial enzymatic
activity 64. The molecular details of this process remain unknown, but it also occurs in
the absence of microbiota in germ-free mice. Proteolytic cleavage of the cysteine-rich
region of MUC2 is considered to be the most likely explanation for conversion of dense
mucus to loose mucus 66.

In the small intestine (SI), the mucus layer is thinner, and consists of only one layer,
which similar in properties and components to the outer layer found in the colon.
However, the SI mucus layer becomes thicker and more visible towards the end of the
small intestine 67.

The viscous mucus, also contains sIgA, AMPs, including defensins, C-type lectins (such as
Reg3 proteins), cathelicidins 68 and lipocalins to reinforce its protective function against
microbes. The AMPs are secreted by Paneth cells and/or other intestinal epithelial
cells as part of the innate immune system 10. Some are produced constitutively, while
others are induced by cytokines or activation of innate pattern recognition receptors
such as the TLRs by MAMPs 69. Studies have shown that these antimicrobial peptides
are essential for maintaining an efficient small intestinal mucus layer. Loonen et al.
described that Reg3γ-deficient mice have altered mucus distribution and increased
mucosal inflammatory responses to the microbiota and enteric pathogens in the ileum
70
. Moreover, Reg3β plays a protective role against intestinal translocation of the Gramnegative bacterium S. enteritidis in mice 71 72.
17
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Another important component of the gut barrier is the epithelial glycocalyx comprising
of several non-secreted transmembrane mucins including MUC1, MUC3, MUC4,
MUC13, and MUC17. These membrane-tethered mucins extend at least 100 nm from
the enterocytes into the lumen and associate with the extracellular mucus, especially
in the colon and stomach 73. The membrane-tethered mucins contain an extensively
O-glycosylated extracellular domain 74, forming known ligands for specific microbial
adhesins 75 76. The membrane-associated mucins are normally shed and replaced, but
this process can be sped up upon bacterial adhesion, helping to protect the epithelium
from microbial invasion. Apart from their barrier function against potential pathogens,
specific membrane- tethered mucins have also been shown to modulate responses to
inflammatory cytokines 74.

1.4.2

Mucus morphology within the GI tract

1.4.2.1 Small intestine
In the SI mucus forms a thin layer covering the epithelial surface from the bottom
of the crypt to the villus tips to facilitate nutrient-uptake while limiting contact with
microrganisms and particulate matter 1 77. The protection of the crypts and the epithelial
stem cells at the crypt base is most important, as they are essential for the renewal of
the tissue. Protection of stems cells is largely mediated by mucus production by goblet
cells and secretion of antimicrobial peptides by Paneth cells. Antimicrobial products
secreted from the epithelial cells diffuse into the mucus thereby inhibiting growth and
colonization of the mucus layer with microorganisms (Fig. 4) 22. The transit time through
the SI is shorter than the colon which is also considered an important mechanism to
minimize exposure of the epithelial cells to potential threats 78.
Along the GI tract, specialized structures called mucosal lymphoid follicles facilitate the
interaction between luminal antigens including microorganisms, epithelial cells, and
cells of the immune system 79. There are both isolated and aggregated lymphoid follicles
in the gut. Lymphoid follicles consist of a B cell germinal centre, a marginal zone, where
B cells and macrophages reside, and the sub-epithelial dome, where can be found T
cells, B cells, macrophages, and dendritic cells. Large aggregates of lymphoid follicles
form structures known as PPs, the inductive sites of mucosal immune responses 80.
The domes of PPs are covered by a single layer of epithelial cells, the follicle-associated
epithelium (FAE), consisting of enterocyte-like cells and membranous cells commonly
called M cells 81 82. The M cells have a specific role in transepithelial transport, more
specifically the ability to transcytose soluble molecules as well as adherent antigens
and particles such as bacteria from the apical membrane to basolateral membrane,
where they are released in the sub-epithelial dome of the patch to encounter antigen
presenting cells 83 84 85.
18
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There has been some controversy in the literature concerning the number of goblet
cells on the domes and whether the PPs are covered by a mucus layer 86 87 74 88. Recently
Ermund et al., proposed that PPs of mice are covered by a mucus layer based on mucus
production by ileal tissue mounted in a horizontal Ussing-type chamber 89. However
such a set up does not exclude the possibility that the mucus flows over the dome
from neighbouring epithelium. Around 5% of epithelial cells in the FAE of ileum tissue
sections from mice were identified as mucin producing goblet cells using Periodic Acid
Schiff (PAS)/Alcian blue staining but their distribution over the entire dome FAE was
not discussed. Thus it remains a possibility that the dome is not completely covered by
mucus in vivo.

Figure 4: Mucus morphology
and distribution in the small
intestine.

1.4.2.2 Large intestine
In the colon, water is absorbed, together with salts and short chain fatty acids (SCFAs),
increasing the hardness of the undigested matter, thereby creating mechanical stress on
the epithelium. In this respect mucus acts as a lubricant and protective sheet by covering
the epithelium 1 77. The majority of our gut microbiota reside in the colon and provide a
number of functions beneficial to the host, such as recovering energy from digestion of
complex carbohydrates and mucus, and providing us with several vitamins 4.

The large bacterial population in the colon has potential to trigger chronic inflammatory
immune response as demonstrated in IBD. However, direct exposure of the epithelium
to luminal bacteria is avoided through a mucus barrier composed of a dense inner layer
and loose outer layer 66 90 91 (Fig. 5).

19
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Figure 5: Mucus morphology
and distribution in the large
intestine.

1.4.3

Role of goblet cells and mucins in signalling and immunomodulation

Glycans of MUC2 were recently shown to confer tolerogenic properties to LP DCs
through interaction with a galectin 3-dectin 1 receptor complex 92. Muc2 also enhances
epithelial expression of B cell cytokines and trypsin-like serine protease, promoting
development of tolerogenic DCs and anti-inflammatory mechanisms contributing to gut
homeostasis, possibly through the same receptor-complex 92.

MUC1 is the most extensively studied membrane-associated mucin and is the most
ubiquitously expressed across all mucosal epithelia. MUC1 has been estimated to be
200 – 500 nm in length (depending on the number of tandem repeats), suggesting
it will tower above other molecules attached to the plasma membrane 93. MUC1 is
composed of an external domain, a transmembrane domain and a cytoplasmic tail. The
cytoplasmic tail appears to interact with the cytoskeleton and secondary signalling
molecules 94. Importantly, there is also evidence that interaction with bacteria can
induce phosphorylation of MUC1 in vitro 98. Signalling by the cytoplasmic domains of
cell-surface mucins is complex and much remains to be elucidated about their mode
of action. However, the evidence to date suggests that these domains are involved in
cellular programs regulating growth and apoptosis in mucosal cells perhaps in response
to microbes and / or their toxins.

20
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1.4.4

Mucus dysfunction and pathophysiology

There are two main forms of IBD, UC, which is restricted to the colon and CD, which
can affect the entire GI tract 99. These two types of IBD also differ in goblet cell and
secreted mucus phenotypes. In CD, there is typically an increase in goblet cells and
a thicker mucus layer 100 101, whereas in UC there is a reduction in goblet cells, MUC2
production and sulphation, mucus secretion and 102 103 104 an accumulation of the MUC2
precursor 104. Although it remains unclear whether changes in mucus are causative or
secondary to inflammation 105, the lack of these changes in CD indicate they are not
a universal consequence of intestinal inflammation. Reduced mucus synthesis and
secretion 102, and altered O-glycosylation 106 107 108 contribute to the penetration of mucus
barrier by bacteria 109, and are suggested to be involved in other gut pathologies.

In murine colitis models such as IL-10-/-, TLR5-/-, and Agr2-/- the development of
pathology was associated with a shrinkage (or even absence) of the mucus layer,
indicative of a compromised barrier function 110 111. Additionally the mucus in different
mouse colitis models has been shown to be more penetrable to fluorescent beads and
bacteria than in healthy mice 66 110 112. The reasons for these changes in mucus thickness
and permeability are not fully understood, but may result from the structural changes in
the glycoprotein core and/or the sulphation and sialylation of mucins oligosaccharide
residues, as reported in IBD patients 113. Indeed, studies performed on mice conditionally
lacking core-1-derived O-glycans such as C1galt1 (C1galt1-/- mice) showed a severely
impaired establishment of the mucus layer in the colon 114. The impaired mucus barrier
was characterized by dramatic thinning of the inner mucus layer and breaches in its
structure compared to wild-type mice. Loss of core 1-derived O-glycans also led to a
rapid induction of severe spontaneous colitis by two weeks after birth 115. However,
Sommer et al. found that TM-IEC C1galt-/- mice lacked any sign of colon inflammation,
but were more susceptible to experimentally induced Dextran Sulfate Sodium (DSS)
colitis 116. In contrast Fu et al. found that ten days after induced loss of core 1-derived
O-glycans the TM-IEC C1galt-/- mice spontaneously developed intestinal inflammation.
As these mice were housed in a different animal facility, colitis development might be
dependent on the microbiota 114. Moreover, aberrant mucin assembly due to endoplasmic
reticulum stress in goblet cells and activation of the unfolded protein response may be
an important component of some types of chronic inflammation including diseases like
IBD 117.

21
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1.5 The Muc2 knockout mouse model as a tool to study the role of
mucus in the intestine
To evaluate the importance of secreted mucus in the intestine, Velcich et al. generated a
mouse which does not express MUC2, the glycosylated protein component of the most
abundant secreted gastrointestinal mucin 118 119 120. Muc2 knockout mice (Muc2-/-) were
generated by substituting a genomic fragment spanning exons 2 to 4 of Muc2 with a
phosphoglycerate kinase-neomycin (PGK-Neo) cassette 118. Staining of intestinal tissue
sections from Muc2-/- mice with Alcian blue (staining of acidic mucins) showed absence
of morphologically recognizable goblet cells along the entire length of the intestine of
Muc2-/- mice 118. Muc2-/- mice developed GI tumours by 6 months which spontaneously
progressed to invasive carcinoma 118.

Van der Sluis et al., showed that Muc2-deficient mice develop spontaneous colitis
after weaning, suggesting that Muc2 mucin is crucial for colonic protection 121. Colitis
was characterised by mucosal thickening, increased proliferation, and superficial
erosions, which become more severe with age. Later, Johansson et al., described that in
Muc2-/- mice the bacteria are in close contact with the colonic epithelium and enter into
the crypts and epithelial cells 66.

Micro-array analysis of gene expression in Muc2-/- and wild type (WT) mice around
weaning time (week 3), showed that Muc2-deficiency altered genes involved in
inflammatory response and was associated with decreased epithelial functions (TJ
expression) and increased epithelial proliferation (cell growth expression) (Fig. 6) 122.
Wild-type

Intestinal homeostasis

Muc2-/-

xx The inner mucus layer is devoid of
bacteria (Johansson et al., 2008)
xx At 2 weeks, immune system processing
genes were up-regulated (Lu et al., 2011)
xx At 4 weeks, increase in crypt length and
proliferation of epithelium (van der Sluis
et al., 2006)
xx At 4-5 weeks, development of colitis was
observed (van der Sluis et al., 2006)
xx At 6 months, tumors were developed
(Velcich et al., 2002)

Figure 6: Schematic figure of WT and Muc2-/- mice, summarising the key findings from studies using the Muc2
knockout mouse model. Prior to this thesis only the effects of mucus deficiency in the colon were investigated.
IEL: intraepithelial lymphocyte.
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1.6 Models to study mucus morphology and properties
The nature of the mucus gel layers covering the gastrointestinal tract makes it difficult
to study outside its natural position attached to the mucosa. The past decade, several
techniques (in vitro and ex vivo) were developed to study the mucus morphology and
properties, while minimising alteration of its structure.
1.6.1

In vitro techniques

Histological and cell culture techniques have been developed to study mucus morphology
and properties. Johansson et al. published a protocol in 2012 for staining both secreted
mucus and luminal microbiota on Carnoy’s-fixed tissue sections, by combining the use
of immunohistochemistry and fluorescent in situ hybridization (FISH) 123. The use of
Carnoy’s solution (60% water-free methanol, 30% chloroform, 10% glacial acetic acid)
and the presence of an in situ faecal pellet in the lumen were essential for preserving the
colonic mucus layers. This in vitro technique is useful to localize bacteria in the lumen
and visualize the morphology and the quality of the mucus barrier. However, the use of
water-free fixatives such as Carnoy’s solution may alter mucus structure and properties
and induce some shrinkage of the mucus layer.

Cell culture models have been developed to resemble the mucus-covered epithelium.
For example, Navabi et al., showed that some gastrointestinal cell lines produce an
adherent mucus layer when cultured as polarised monolayers in semi-wet interfaces
with mechanical stimulation 124. In fact, a semi-wet interface culture in combination
with mechanical stimulation and presence of DAPT (3,5-Difluorophenacetyl)-Lalanyl]-S-phenylglycine t-butyl ester), a γ secretase inhibitor, caused HT29 MTX-P8,
HT29 MTX-E12, and LS513 cells to polarize, form functional TJs, a three-dimensional
architecture resembling colonic crypts, and produce an adherent mucus layer. The
limitations of this model are that it does not include all the epithelial cells normally
present in the intestine, e.g., stem cells and Paneth cells and the secreted mucin produced
is not MUC2 but stomach-type mucins such as MUC5AC and MUC6 125. Furthermore,
these cell lines were all derived from carcinomas and have many well-recognized
limitations including prolonged time to attain mature monolayers aneuploidy, and the
presence of numerous undefined DNA mutations.
Multiple tissue culture systems have been described 126 127, but only recently long-term
culture systems became available that maintain basic crypt physiology. Two different
protocols were published that allow long-term expansion of murine small intestinal
epithelium. Ootani et al. showed long-term growth of small fragments containing
epithelial as well as stromal elements in a growth factor–independent fashion 128. Sato
et al. designed a culture system for single intestinal stem cells by combining previously
defined insights in the growth requirements of intestinal epithelium 129. Based on these
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insights, Sato et al. have established culture systems that allow the outgrowth of single
mouse or human intestinal stem cells into continuously-expanding mini-gut ‘organoids’,
which contain all the functional cells of the gut (stem cells, Paneth cells, enterocytes,
and goblet cells) 129. These organoids grow as 3D irregular-shaped closed structures of
polarized cells and secrete mucus into the lumen. Although substances can be injected
into individual organoids it is not convenient or easy system to study mucus properties
and the interactions between mucus and commensals. Moreover, injecting substances
into the lumen of the organoids or spheroids is laborious and has practical limitations
for assays.
However, the production of 2D monolayers derived from the 3D organoids would help
in getting a monolayer of fully developed intestinal epithelial cells with a mucus-layer
on top, and therefore solve the issues mentioned above 130 130. Such a model would be
of great interest to study in vitro interactions of pathogens or commensals with mucus
and epithelium.
1.6.2

In vivo and ex vivo techniques

A technique for intra-vital microscopy studies of the mucus gel layer from the stomach
to the colon in anesthetized rats and mice have been reported 131. Mucus thickness and
accumulation rate in each segment of the gastrointestinal tract is measured with a
micropipette technique under observation through a stereomicroscope. In this way, the
nature of the mucus gel in vivo is readily studied, and effects of interventions or disease
on the mucus can be determined in longitudinal studies or by comparing animals. Using
this technique, Holm and Phillipson have been able to demonstrate that there are two
forms of mucus gel adherent to the stomach and colon mucosa: one layer which is
removable by suction and an underlying firm adherent gel layer, whereas in the small
intestine, all mucus adhering to the mucosa can easily be removed 131.
An ex vivo tissue explant culture method has been developed to be able to analyse human
mucus secretion in an experimental system 132. This method utilises, colon biopsies
or tissues mounted in a horizontal perfusion chamber with the apical surface facing
upward. The secreted mucus thickness is microscopically visualized by sprinkling of
powdered charcoal on top of the layer. The viability of the explants is monitored by
recording potential difference across the mucosal layer and typically measurements of
mucus thickness or permeability can be performed for up to 2 hours after mounting.
This allows for measurements of the mucus thickness and functionality (e.g., with
fluorescent beads), as well as manipulation with pharmacological and other reagents.
However, these techniques are too labour intensive to perform on multiple experimental
animals in intervention or challenge studies.
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1.7 Ageing and the intestinal barrier
Ageing is defined as “the regression of physiological function accompanied by the
development of age” 133. It is an ill-defined process involving changes in various body
systems, which progressively convert a mature, healthy person into an increasingly
infirm one. With the passage of time, individuals show a lower degree of adaptation with
consequent increase in mortality, due to increased incidence of cancer and infectious
disease 134 135, as well as a decline of mental health, wellbeing, and cognitive abilities 136
137
. Ageing is characterized by a progressive impairment of multiple metabolic processes
and physiological functions of most body systems including the systemic immune system,
heart, brain, and skeletal muscles 138.

Ageing process is due to cellular aging processes described by Hayflick and Moorhead in
1961 139. It was shown that human cells in culture do not divide indefinitely but reach a
limit (called the Hayflick limit) of replication. Cells approach this limit by slowing their
divisions and entering cellular senescence, a dormant stage. Recently, for damaged cells,
this pathway of cellular progression has been considered an alternative to apoptosis (cell
suicide). Both DNA damage and insufficient telomere replication are common signals
leading to these events. When the cell does not trigger either of these pathways, it can
become cancerous 140 141.

Aging significantly increases the vulnerability to GI disorders with approximately 40% of
geriatric patients reporting at least one GI complaint during routine physical examination
142
. Despite the need to further understand age-associated factors that increase the
susceptibility to GI dysfunction, there is a paucity of studies investigating the key factors
in aging that affect the GI tract. To date studies in rodents have demonstrated that aging
alters intestinal smooth muscle contractility 143, as well as the neural innervations of
the GI tract musculature 144. Several studies in rodents have also reported an increase
in intestinal permeability to macromolecules with age 145 146. Specifically, advancing age
was shown to correlate with an enhanced transepithelial permeability of D-mannitol,
indicating that there may be an age-associated decline in barrier function 147.

With a global impact on the physiology of the GI tract, the ageing process can seriously
affect the composition of the human gut microbiota. The decreased intestinal motility
results in a slower intestinal transit that affects defecation and leads to constipation 148.
Immune functions are also known to deteriorate with age in several species. In humans,
the elderly are at a higher risk for infections, especially severe infections, as well as for
certain autoimmune diseases and cancer, and their immune responses to vaccination are
diminished 149. It has been accepted that aged humans exhibit a loss of naive T cells and a
more restricted T cell repertoire 150. Furthermore, aging results in decreased human CD8+
cytotoxic T lymphocyte responses, restricted B cell clonal diversity, failure to produce
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high-affinity antibodies, and an increase in memory T cells 151 152. It has been suggested
that although certain DC populations are fully functional in ageing 153 154, both foreign
and self-antigens induce enhanced proinflammatory cytokines 155 155. This enhancement
of inflammation can be detrimental. However, very old individuals with a more balanced
pro- and anti-inflammatory phenotype may be the most fortunate 156 157. The association
of inflammation in ageing has been termed ‘inflammageing’ 158.

Human microbiome analyses have revealed significant changes in the intestinal micobiota
specifically with an increase of Bacteroides ssp in the elderly (<65 years) 159 160 . However,
others have shown that the change in the microbiota was seen only in centenarians
with increased inflammatory cytokine responses, but not in the elderly (average age 70
± 3 years) 161. In centenarians, the microbiota differs significantly from the adult-like
pattern, by having a low diversity in terms of species composition. Bacteroidetes and
Firmicutes still dominate the gut microbiota of extremely old people (representing over
93% of the total bacteria). However, in comparison to younger adults, specific changes
in the relative proportion of Firmicutes subgroups were observed, with a decrease in the
contributing Clostridium cluster XIVa, an increase in Bacilli, and a rearrangement of the
Clostridium cluster IV composition 161. Moreover, the gut microbiota of centenarians is
enriched in Proteobacteria, a group containing ‘‘pathobionts’’, shown to cause harm in a
compromised or susceptible host 162 163.

The intestinal barrier function is compromised by aging, causing an increased
susceptibility to infection in elderly individuals 164. The decline in barrier function is a
combination of (1) a decline in the amount of antimicrobial peptides due to a decrease in
number and secretory function of the Paneth cells 165, (2) a decline in the IgA mediated
mucosal immunity 166, and (3) increased permeability of epithelial tight junctions due to
an increased concentration of IL-1β and other pro-inflammatory cytokines in the ageing
gut 167. These studies suggest that the integrity of the gut epithelium (innate and adaptive
immunity, TJs etc.) can be strongly compromised in the process of ageing. As the first-line
of defence of the gut, it is interesting to look into the effects of ageing on the mucus layer
and how this relates to other processes of ageing. Previous research has shown that in
healthy subjects there is no correlation between age and the thickness of the mucus layer
of the stomach and duodenum 168. To date nothing has been published on the effects of
aging on the mucus layer of the epithelium of the small intestine and colon.
Studying the effects of ageing in mouse is quite time-consuming due to the time needed
to get old mice with a defined microbiota (18 to 24 months). To solve this problem, a
fast aging Ercc1-/∆7 hypomorphic mouse model has been described by Dollé et al. 169.
This fast-ageing mouse is a hemizygote, carrying one mutated allele Ercc1 lacking seven
amino acids. As Ercc1 encodes a DNA endonuclease, which is essential for DNA repair,
mechanisms, Ercc1-/∆7 mice accumulate DNA damage at a faster rate than normal mice.
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The fast-aging Ercc1-/∆7 mice have a significantly reduced median life span of 19/21
weeks for males/females, respectively (compared to 111/119 weeks for WT). Moreover,
multiple signs and symptoms of aging were found to occur at an accelerated rate in the
Ercc1-/∆7 mice as compared to WT controls, including a decline in weight of whole body
and various organs, numerous histopathological lesions, and immune parameters 169.
However, it is not known whether the intestinal barrier of fast-ageing mouse resembles
a naturally aged mouse, and how this might affect microbiota composition.

1.8 Sexual dimorphism and the intestinal barrier

During the initial phase of embryonic development, differences between males and
females are already detectable 170 171. After 10.5 to 12 days post coitum, male expression
of the Y chromosome Sry gene initiates molecular and cellular cascades in the
undifferentiated gonads of males leading to differentiation of the testes and divergent
conversion of the male and female development 172. Further phenotypic differences
between males and females also occur post-puberty in response to increasing circulating
hormone levels.

Until now, sexually dimorphic effects in the intestine have only been marginally described.
Oestrogen-mediated effects on visceral pain in the intestine have been reported 173 174,
and gender-specific differences in gene expression of metabolic pathways in the SI has
been described for adult mice 175. Despite extensive information regarding the effects of
sex hormones on immune cells, our knowledge is limited regarding the effects of gender
on the function of the gut mucosal immune system 176 177.
Although the GALT is the largest lymphoid organ in the body and is an important site for
host-microbe interactions, most investigations on gender and immunity have focused on
the analysis of the peripheral blood mononuclear cells. The involvement of the GI tract
is well documented in several inflammatory and autoimmune disorders, including CD,
UC, and celiac disease. Gender distribution in IBD is dependent on the disease subtype,
CD, or UC. In CD there is a greater prevalence of females, while in UC population-based
studies have shown no significant differences 178. However, it is not known whether
the regulation of intestinal inflammatory response is influenced by sex differences 179.
Differences in immune cell infiltration of the colonic mucosa such as mast cells have been
shown to correlate with symptomatic differences between the sexes in IBS 180. However,
no differences were observed in young healthy controls 180.
These differences might be enhanced with advancing age particularly when females go
into menopause. While female mice do not have the equivalent of a menopause, they do
undergo reproductive senescence, becoming essentially acyclic by 11-16 months of age
181 182
. Therefore, ovariectomy is necessary to simulate the effects of human menopause
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in mouse models. Studies in female mammals (rats) indicated that ovariectomy is
associated with a shortened life span 183, and that the pathological deficiency or loss
of ovarian function is associated with the derangement of energy metabolism and
immune function (rodents and humans) 184. These data suggest that the ovaries and
their endocrine activity may have a positive effect on longevity in mammals. Supporting
this theory, it has been reported that women had greater longevity after elective
hysterectomy compared with those who received ovariectomy and hysterectomy 185.
In addition, menopause is associated with metabolic dysfunction 184 and pathologies
involving inflammation (e.g., osteoporosis and metabolic disorders, including diabetes,
atherosclerosis, joint diseases and even neurodegeneration) 186 187.

There is growing recognition that males and females differ with respect to basic
physiology, body composition and susceptibility to and progression of a broad
variety of non-communicable diseases, as well as in the response to pharmacological
treatment. However, the intestinal physiological mechanisms underlying these sexually
dimorphic phenotypes are currently largely unresolved. Increased knowledge on these
mechanisms might contribute significantly to disease prevention and treatment, for
instance by optimizing dietary recommendations and pharmacological protocols in a
gender-specific way.

1.9 Aims and outline of this thesis

The work presented in this thesis was embedded in a larger Top Institute of Food and
Nutrition (TIFN) funded project (GH002) on “Food-induced modulation of the intestinal
immune barrier”, with the major goal of investigating whether food components can
affect the intestinal immune barrier and if so, the mechanisms involved.

The overarching goal of this thesis was to investigate the role of mucus in the maintenance
of the intestinal immune barrier in health and disease. The specific objectives were to
study the effects of mucus deficiency, which is a feature of IBD, and the effects of ageing
and gender differences on mucus production and other aspects of intestinal homeostasis
using different mice models and a multidisciplinary approach (Fig. 7).

Muc2-/- mice were used to investigate the effect of reduced mucus (i.e. Muc2+/-), or mucus
absence (i.e. Muc2-/-) on the small intestinal barrier. None of the previous published
studies in Muc2-/- mice investigated the effects of Muc2-deficiency in the small intestine
in any detail. Here we performed transcriptomics, histology, and 16S rRNA microbiota
profiling on ileal samples from WT, Muc2-/-, and Muc2+/- mice at 2, 4, and 8 weeks after
birth with the aim of gaining a better understanding of homeostatic mechanisms,
early indicators of gut barrier dysfunction, and the impact of mucus on diversity and
composition of microbiota in the ileum (Chapter 2).
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A detailed understanding of the temporal changes in microbiota and their relationship
to intestinal gene expression prior to and during the development of colitis is currently
lacking. Such knowledge might provide new insights into the dynamics of the interplay
between the host and microbiota in IBD and have implications for future therapies, for
example by manipulation of the microbiota. However, prospective studies requiring
repeated biopsy sampling are difficult to perform in humans and the data will be
complex to statistically analyse and interpret due to genetic diversity and variability in
environmental exposures of the subjects. To address these problems we took advantage
of the Muc2-/- mouse experimental model of colitis, which provides an opportunity to
identify microbiota changes and host gene expression before and after the onset of
colitis (Chapter 3). Although heterozygote (Muc2+/-) mice do not develop spontaneous
colitis we hypothesized there would be decreased mucus production and a mild
mucus barrier dysfunction, which might lead to altered microbiota-host interactions.
Microbiota composition was determined using a diagnostic 16S rRNA array for the
mouse intestinal microbiota and transcriptomics data was obtained from colonic tissue.
Furthermore, histology and FISH techniques were performed on mouse colonic tissue
to obtain temporal data on morphological changes, mucus production, mucosal gene
expression, and spatial compartmentalization of bacteria in the lumen.
Knowledge of the impact of ageing on the GI tract mucus layer is incomplete and limited
to reports of altered gastric mucus layer. None of the previous studies in mice have
deeply investigated the effects of ageing in the physiology of the small and large intestine.
Such knowledge might provide new insights into the dynamics of the interplay between
the host and microbiota in elderly and have implications for future interventions,
for example by manipulation of the microbiota. The effects of natural ageing on the
intestinal homeostasis, barrier functions, microbiota in the ileum and the colon, were
studied in mice (Chapter 4) separately taking into account the influence of gender
(Chapter 5). There is growing recognition that males and females differ with respect
to basic physiology, body composition and susceptibility to and progression of a broad
variety of non-communicable diseases, as well as in the response to pharmacological
treatment. However, the intestinal physiological, including gut barrier, mechanisms
underlying these sexually dimorphic effects are currently largely unresolved. Increased
knowledge on these mechanisms might contribute significantly to disease prevention
and treatment, for instance by optimizing gender-specific dietary and pharmacological
requirements for females and males. The reason for observed gender differences
has been attributed to sex hormones, but little is known regarding their effect on the
intestinal physiology and the gut barrier.
The results obtained in naturally aged mice were compared to those obtained in a fastageing (Ercc1-/Δ7) mouse model (Chapter 6). An intervention with different bacterial
strains (Lactobacillus casei, Bifidobacterium breve and Lactobacillus plantarum) was
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performed to investigate potential beneficial effects on the process of intestinal ageing
and the mucus barrier.

Methods for studying the mucus structure and permeability in living tissue, while
allowing host factors or treatments to be included are limited to short-term
measurements in explants and are too laborious to be performed on more than 10
samples per day. Therefore in Chapter 7, we assessed different histological techniques
for quantifying the thickness and location of the mucus in both the SI and colon of
gnotobiotic, conventional and germ-free mice. Additionally we developed a simple and
versatile ex vivo method to assess mucus permeability in living tissue that can be easily
performed on multiple tissue samples in one day. In Chapter 7 we also studied the
immune sampling of a model lactobacillus strain in gnotobiotic mice in the lymphoid
tissue, including PPs and mesenteric lymph nodes (MLNs).
Chapter 8 completes this thesis with a general discussion and conclusions on the
obtained results, with recommendations and perspectives for future studies.

2 cm segment fixed in Carnoy's
solution for paraffin fixation

Figure 7: Outline of the animal experiments performed in this thesis.
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Chapter 2

Abstact
Background: Muc2-deficient mice show no signs of ileal pathology, but the
mechanisms remained unknown.

Methods: Wild-type (WT), Muc2+/- and Muc2-/- mice were sacrificed at 2, 4, and
8 weeks of age. Total RNA from ileum was used for full genome transcriptome
analysis and qPCR. Microbiota composition was determined using a mouse
intestinal chip (MITChip). Morphological and immunohistological studies were
performed on segments of ileum.

Results: The ileum was colonized by more diverse microbiota in young (week
4) WT than in Muc2-/- mice and composition was influenced by genotype.
Weaning was associated with major changes in the transcriptome of all mice, and
highest number of differentially expressed genes compared to adults, reflecting
temporal changes in microbiota. Although the spatial compartmentalization
of bacteria was compromised in Muc2-/- mice, gene set enrichment analysis
revealed a down-regulation of TLR, immune, and chemokine signalling pathways
compared to WT mice. The predicted effects of enhanced IL-22 signalling were
identified in the Muc2-/- transcriptome, as the up-regulation of epithelial cell
proliferation, altered expression of mitosis and cell cycle control pathways. This
is consistent with increased villus length and number of Ki67 positive epithelial
cells in Muc2-/- mice. Additionally, expression of the network of IL-22 regulated
defence genes, including Fut2, Reg3β, Reg3γ, Relmb and the Defensin Defb46
were increased in Muc2-/- mice.
Conclusions: These findings highlight a role for the IL-22-STAT3 pathway in
maintaining ileal homeostasis when the mucus barrier is compromised and its
potential as a target for novel therapeutic strategies in IBD.
Keywords: Muc2, Reg3 proteins, intestinal homeostasis, ileum, microbiota,
interleukin 22
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Introduction
Secreted mucus, antimicrobial proteins, and IgA in the lumen play a key role in maintaining
intestinal homeostasis by regulating contact between host cells and potentially harmful
antigens and microbes 29 188. Intestinal mucus is primarily composed of mucin 2 (MUC2),
secreted by goblet cells in the epithelium 57 119. Glycans of Muc2 were recently shown
to confer tolerogenic properties to lamina propria (LP) dendritic cells (DCs) through
interaction with a galectin 3-dectin 1-FcγRIIB receptor complex 92. MUC2 also enhances
epithelial expression of B cell cytokines and trypsin-like serine protease, promoting
development of tolerogenic DCs and anti-inflammatory mechanisms contributing to
gut homeostasis, possibly through the same receptor-complex 92. Mouse colonic mucus
is composed of an inner layer, which is attached to the epithelium and largely devoid
of bacteria, and a less-dense outer layer, containing commensal bacteria and luminal
contents 66. Both mucus sub-layers have essentially the same composition, suggesting
the outer layer arises from limited, specific proteolytic cleavage, and volumetric
expansion of the inner layer in combination with (partial) consumption by bacteria 189.
The density and stratified organization of the inner mucus layer is proposed to prevent
penetration by bacteria, minimizing contact of bacteria and ingesta with the epithelium.
The structure and function of small intestinal mucus is less well understood, and it is
noticeably thinner than in the colon 66.

Defects in barrier properties of mucus are considered to be contributing factors in
inflammatory bowel disease (IBD) patients with Crohn’s disease (CD) or ulcerative
colitis (UC). In both forms of IBD the intestinal mucus harbours higher numbers of
bacteria than healthy subjects 109 and in UC patients the colonic mucus layer is thinner,
with a 70% reduction of MUC2 production in active periods of disease 102, 190. Recently,
colonic mucus in an experimental rodent model of colitis and in biopsy samples from
UC patients, appeared highly penetrable to fluorescent beads compared to healthy
tissue 110. The diminished barrier functionality of mucus in colitis may be due to
structural changes in the sulfation and sialylation of MUC2 oligosaccharides, as was
reported in IBD patients 191. A consequence of defective barrier function is increased
contact of bacteria with the epithelium which triggers inflammatory responses through
recognition of microbe-associated molecular patterns (MAMPs), by pattern recognition
receptors (PRRs) of the innate immune system, including Toll-like receptors (TLRs) and
NOD-like receptors (NLRs), resulting in inflammatory mucosal cytokine production
and increased epithelial permeability (15). In IBD, a dysfunctional mucus barrier
will increase influx of luminal antigens into the lamina propria, leading to innate and
adaptive responses to luminal antigens and a perpetuating cycle of inflammation and
barrier dysfunction that may be difficult to resolve without therapy (13).
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An abnormal composition and decreased diversity of (specific subgroups of) the
microbiota is associated with chronic inflammatory conditions such as IBD 112 34.
This may be due to the selective targeting of members of the resident microbiota by
antimicrobial factors induced by the host inflammatory response, leading to increased
abundance of potentially pathogenic bacterial pathobionts in the microbiota 192.

Muc2-/- mice lack an intestinal mucus layer and develop spontaneous colitis from 4
weeks of age onwards 121. In these mice, bacteria are found in colonic crypts and in
direct contact with epithelial cells 66. The inflammatory responses in Muc2-/- mice prior
to development of colitis have been previously studied in the colon of 2- and 4-weekold mice 193 122. Distinct phases were observed in colitis development, which might be
related to the expansion of the microbiota after weaning, and/or loss of protective
factors in mother’s milk. The most notable changes observed in Muc2-/- mice were
the exacerbation of inflammatory gene expression after weaning and a decline in the
number of regulatory T cells 193. None of the previous studies in Muc2-/- mice have
deeply investigated the effects of MUC2-deficiency in the ileum. Here we performed
transcriptomics, histology, and 16S microbiota profiling on ileal samples from wild-type
(WT), Muc2-/-, and Muc2+/- mice at 2, 4, and 8 weeks after birth with the aim of gaining
a better understanding of homeostatic mechanisms, early indicators of gut barrier
dysfunction, and the impact of mucus on diversity and composition of microbiota in the
ileum.

Materials and Methods
Animals

Muc2-/- mice with a 129SV background were bred as previously described 118. Mice were
generated from interbreeding Muc2+/- mice and genotyped 118. Mice were housed in a
specific pathogen-free environment with ad libitum access to AIN93 diet (Special Diets
Services, Witham, Essex, England), and acidified tap water in a 12-hour light/dark cycle.
The Erasmus MC Animal Ethics Committee (Rotterdam, the Netherlands) approved the
animal experiments.
Experimental set up

Groups of WT, Muc2+/-, and Muc2-/- (n=5 in each group) littermates were housed together
with their respective birth mothers until weaning at 21 days, and sacrificed at 14, 28, and
56 days postnatal. Ileal tissues were excised and fixed in 4% (w/v) paraformaldehyde
(PFA) in phosphate-buffered saline (PBS), stored in RNAlater® (Qiagen, Venlo, the
Netherlands) at -20°C, or frozen in liquid nitrogen and stored at -80°C. Additionally,
colonic tissue was collected, fixed in 4% PFA in PBS and embedded in paraffin.
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Histology
Paraffin sections (5 µm) of ileum were attached to poly-L-lysine-coated glass slides
(Thermo scientific, Germany). After overnight incubation at 37˚C, slides were dewaxed and hydrated step-wise using 100% xylene followed by several solutions of
distilled water containing decreasing amounts of ethanol. Sections were stained with
haematoxylin and eosin (H&E) and Periodic Acid Schiff (PAS)/Alcian blue 194. Ten
morphologically well-oriented crypt-villus regions were randomly chosen per ileal
segment and their length was measured using ImageJ software (NIH, Maryland, USA).
Immunohistochemistry

The slides were deparaffinised and antigen retrieval was performed by heating the
sections for 20 min in 0.01 M sodium citrate (pH 6.0) at 100˚C. Sections were washed
for 3 h with 3 changes of PBS. Non-specific binding was reduced using 10% (v/v)
goat serum (Invitrogen, Life technologies Ltd, Paisley, UK) in PBS for 30 min at room
temperature. Cell proliferation marker Ki67 was detected by incubating the sections
with anti-Ki67 antibody (Abcam, Cambridge Science Park, Cambridge, UK) diluted
1:200 in PBS, 90 min at room temperature. Apoptotic cells were identified by staining
for cleaved-Caspase 3 expression using an anti-Caspase-3 antibody (Abcam) diluted
1:200 in PBS, overnight at 4°C.
Detection of bacteria using fluorescent in situ hybridization (FISH)

The slides were deparaffinised with xylene and washed twice in 100% ethanol.
The tissue sections were incubated with the universal bacterial probe EUB338
(5’-GCTGCCTCCCGTAGGAGT-3’) (Isogen Bioscience BV, De Meern, the Netherlands)
conjugated to Alexa Fluor488. A ‘non-sense’ probe (5’-CGACGGAGGGCATCCTCA-3’)
conjugated to Cy3, was used as a negative control. Tissue sections were incubated
overnight with 0.5 μg of probe in 50 μL of hybridization solution (20 mmol/L Tris-HCl
(pH 7.4), 0.9 mol/L NaCl, 0.1% (w/v) SDS) at 50°C in a humid environment using a
coverslip to prevent drying of the sample. The sections were washed with (20 mmol/L
Tris-HCl (pH 7.4), 0.9 mol/L NaCl) at 50°C for 20 min and then washed 2 times in PBS
for 10 min in the dark and incubated with DRAQ5 (Invitrogen) (1:1000) for 1 h at 4°C to
stain nuclei. Sections were washed 2 times in PBS for 10 min, mounted in Fluoromount
G (SouthernBiotec, Alabama, USA) and stored at 4°C.
RNA isolation, cDNA synthesis, and qPCR

Total RNA was isolated using the RNeasy® kit (Qiagen) with a DNase digestion step
according to the manufacturer’s protocol. One µg of RNA was reverse transcribed using
a qScript® cDNA synthesis kit (Quanta Biosciences, Gaithersburg, MD) according to
the manufacturer’s protocol. QPCR was performed on a Rotorgene 2000 real-time cycler
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(Qiagen) (see Table 1 for qPCR primer sequences). For qPCR 5 µL cDNA (1:20 diluted
from cDNA synthesis mixture) was used, together with 300 nmol/L forward and reverse
primer, 6.25 µL 2x Rotor-Gene SYBR Green PCR kit (Qiagen), and demineralized water up
to a volume of 12.5 µL. QPCR was performed (2 min 95˚C, 40 cycles of 15 s at 95˚C, 1 min
at 60˚C, and 2 min at 60˚C) on a Rotorgene 2000 real-time cycler (Qiagen).
Raw QPCR data were analysed using Rotorgene Analysis Software V5.0. Changes
in transcript levels were calculated relative to the glyceraldehyde-3-phosphate
dehydrogenase (Gapdh) and hypoxanthine phosphoribosyl transferase (Hprt) genes
that were expressed at the same level in WT, Muc2+/- and Muc2-/- mice. Reactions lacking
reverse transcriptase or template were included as controls in all experiments and no
amplification above background levels was observed. The melting temperature and profile
of each melting curve was checked to ensure specificity of the amplification product. For
each PCR reaction, amplification of the correct amplicon was verified by sequencing.

Statistics were performed using GraphPad Prism® 5.0 software (GraphPad, San Diego, CA,
USA). Data shown are the means and the standard errors of the means (SEM), analysed
with the non-parametric Mann-Whitney test. Differences were considered statistically
significant when p<0.05.

Table 1: QPCR primer sequences (5’ to 3’, left to right)
Legend: Gapdh: Glyceraldehyde 3-phosphate dehydrogenase ; Hprt: Hypoxanthine guanine phosphoribosyl
transferase ; Muc2: Mucin 2; Reg3γ: Regenerating islet-derived protein 3 gamma; Fut2: fucosyltransferase 2 ;
IL-1β: Interleukin-1β.
Gapdh
Hprt
Muc2
Reg3g
Reg3b
Fut2
IL-1β

Forward primer

Reverse primer

GTTAAGCAGTACAGCCCCAAA

AGGGCATATCCAACAACAAACTT

GGTGAAGGTCGGTGTGAACT
ACCTGGGGTGACTTCCACT

TTCCTGTCCTCCATGATCAAAA
ATGCTGCTCTCCTGCCTGATG

AGTCTTCGTGGTTACAAGCAAC
AGTTGACGGACCCCAAAAG

CTCGCTCCTGGAAGATGGTG
CCTTGGTGTAGGCATCGTTC

CATCCACCTCTGTTGGGTTCA

CTAATGCGTGCGGAGGGTATATTC
TGGCTGGTGAGCCCTCAATA

CACGGGAAAGACACAGGTAG

Transcriptome analysis
Quantity and quality of ileal RNA (5 arrays of individual mice per group) was assessed
using spectrophotometry (ND-1000, NanoDrop Technologies, Wilmington, NC, USA), and
Bionanalyzer 2100 (Agilent, Santa Clara, CA, USA), respectively. RNA was only used to
generate cDNA and perform microarray hybridisation when there was no evidence of
RNA degradation (RNA Integrity Number > 8). 100 ng of total RNA was labelled using
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the Ambion WT Expression kit (Life Technologies Ltd, Paisley, UK) together with the
Affymetrix GeneChip WT Terminal Labelling kit (Affymetrix, Santa Clara, CA, USA).
Labelled samples were hybridised to Affymetrix GeneChip Mouse Gene 1.1 ST arrays.
Hybridisation, washing, and scanning of the array plates were performed on an Affymetrix
GeneTitan Instrument, according to the manufacturer’s recommendations.

Quality control of the datasets obtained from the scanned Affymetrix arrays was
performed using Bioconductor 195 packages integrated in an on-line pipeline 196. Probe
sets were redefined according to Dai et al. 197 utilising current genome information. In
this study, probes were reorganised based on the Entrez Gene database (remapped CDF
v14.1.1). Normalised expression estimates were obtained from the raw intensity values
using the Robust Multiarray Analysis (RMA) pre-processing algorithm available in the
Bioconductor library affyPLM using default settings 198.
Differentially expressed probe sets were identified using linear models, applying
moderated t-statistics that implemented empirical Bayes regularization of standard
errors 199. A Bayesian hierarchical model was used to define an intensity-based moderated
T-statistic (IBMT), which takes into account the degree of independence of variances
relative to the degree of identity and the relationship between variance and signal
intensity 200. Only probe sets with a fold-change (FC) of at least 1.2 (up/down) and p value
< 0.05 were considered to be significantly different. Pathway analysis was performed by
Gene Set Enrichment Analysis (GSEA) 201 202 and visualized in Cytoscape (http://www.
ncbi.nlm.nih.gov/pubmed/20656902).
Bacterial DNA extraction and microbiota profiling

Except for 2-week-old mice, which appeared to lack sufficient luminal content to allow
sampling, the contents of the ileum could be recovered by gently squeezing and the DNA
extracted using PowerSoil® DNA extraction kit (MO BIO Laboratories, Carlsbad, CA,
USA). Microbiota composition was analysed by Mouse Intestinal Tract Chip (MITChip),
a diagnostic 16S rRNA array that consists of 3,580 unique probes especially designed to
profile mouse intestine microbiota 203. 16S rRNA gene amplification, in vitro transcription
and labelling, and hybridization were carried out as described previously 204. The data was
normalized and analysed using a set of R-based scripts in combination with a customdesigned relational database, which operates under the MySQL database management
system. For the microbial profiling the Robust Probabilistic Averaging (RPA) signal
intensities of 2667 specific probes for the 94 genus-level bacterial groups detected on
the MITChip were used 205. Diversity calculations were performed using a microbiome
R-script package (https://github.com/microbiome). Multivariate statistics, redundancy
analysis (RDA) and Principal Response Curves (PRC), were performed in Canoco 5.0, and
visualized in triplots or a PRC plot 206.
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Ethical considerations
Animal care and procedures were in compliance with the guidelines of the Animal
Ethics Committee, Erasmus MC (Rotterdam, the Netherlands).

Results

Muc2-/- mice lack secreted mucus and Muc2-positive goblet cells
From 4 weeks of age, colitis was observed in proximal colon in Muc2-/- mice (Fig. 1A).
Alcian blue staining was used to identify acidic carbohydrates like Muc2, and PAS for
neutral carbohydrates. PAS-positive and combined PAS-Alcian blue-positive goblet cells
were observed in the ileum of WT and Muc2+/- mice. In contrast, goblet cells in Muc2-/mice only stained positive for PAS (Fig. 1B).

Immunohistochemistry revealed presence of Muc2-positive goblet cells in WT as well
as Muc2+/- mice, and absence of such cells in Muc2-/- mice (Fig. 1B). Ileal Muc2 mRNA
expression was absent in Muc2-/- mice, but was not significantly different between WT
and Muc2+/- (Fig. 1C). Similar numbers of MUC2-stained goblet cells were detected
in Muc2+/- and WT mice (Fig. 1B). These observations confirm the Muc2 mutation
phenotype in the ileal region of the intestine.
Increased epithelial cell proliferation is observed in Muc2-/- but not Muc2+/- mice

Muc2-/- mice developed colitis after about 4 weeks, but the ileum lacked any signs of
mucosal damage, such as superficial erosions. In the ileum, there were no apparent
differences in overall morphology of the epithelium in Muc2-/-, Muc2+/-, and WT mice at
2 weeks, but from 4 weeks the villi of Muc2-/- mice were significantly (p < 0.05) longer
(but not the crypts) (260 ± 6.6 μm compared to WT and Muc2+/-, 200± 6.2 μm) (Fig. 2A).
Ki67-staining revealed epithelial hyper-proliferation in ileal crypts of Muc2-/- compared
to WT mice at week 2 (Fig. 2B).

There were no apparent differences in numbers of caspase 3-stained epithelial cells
in ileum from Muc2-/- and WT mice (Fig. 2B). Taken together this indicates that the
elongated villi observed at week 4 and 8 in Muc2-/- mice were due to increased epithelial
cell proliferation.
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Figure 1: Representative pictures of H&E
staining, Muc2-specific staining, and PAS/ABstaining of proximal colon of WT and Muc2-/- (A).
Representative pictures of Muc2-staining and
PAS/AB-staining in ileum of wild-type (WT, top
panels), Muc2-/- (lower panels) and heterozygote
(Muc2+/-, middle panels) mice at 8 weeks of age
(B). Relative Muc2 mRNA expression in the
ileum determined by qPCR (C).

Figure 2: H&E staining of ileum of wild-type (WT) and Muc2-/- mice at 4 weeks and 8 weeks of age (A). Ki67
and Caspase 3 staining of ileum in wild-type (WT) and Muc2-/- mice (B).
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Muc2 limits contact of bacteria with ileal epithelium
As the mucus barrier has been proposed to play a role in restricting direct contact
between the microbiota and the mucosa, we stained bacteria in situ using FISH and
measuring the average distance between bacterial cells and the mucosal surface. In WT
mice a distance of approximately 50 µm was measured between the microbiota and the
top of the ileal villi (Fig. 3A), corresponding to the thickness and position of the mucus
layer in healthy Carnoy’s-fixed ileal tissue (not shown). In the ileum of Muc2-/- mice the
microbiota are more frequently observed in contact with epithelial surfaces than in WT
(Fig. 3B), confirming the microbiota barrier function of Muc2 expression in the ileum.

Figure 3: FISH analysis of the distal ileum of WT (A) and Muc2-/- (B) using the general bacterial probe EUB338Alexa Fluor 488 (green) and nuclei staining DRAQ5 (blue). The apical membranes of the epithelial cells are
indicated by a dashed white line. Scale bar, 50 μm; L indicates lumen.

Mucus plays a role in shaping the microbiota composition, diversity and richness
To investigate the impact of Muc2-deficiency on the colonization pattern of the ileum,
16S DNA microbiota profiles of ileal content from 4- and 8 weeks-old WT, Muc2+/-, and
Muc2-/- mice were determined using the MITChip microarray 203. At 4 weeks the ileal
content of Muc2-/- mice displayed a significantly higher microbial diversity than WT
mice (P<0.05), due to increased richness in bacterial taxonomic units (Fig 4A and B).
The richness of the microbiota samples from Muc2+/- mice was also significantly higher
than WT mice at 4 weeks (Fig. 4B). However, at week 8 the microbiota diversity and
richness was similar in all groups of mice (Fig. 4B). Nevertheless, redundancy analysis
clearly established that both at week 4 and 8 the microbiota composition clustered
according to the host’s genotype (Fig. 4C and D). At week 4 the variance between
microbiota of WT and other groups of mice was partly explained by higher abundance
of a range of different microbial groups (Fig. 4C). This could be an indication that in WT
there is an initial colonization by a more constrained group of bacteria, that reached
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higher abundance in the WT mice compared to the other groups of mice. In the Muc2+/and Muc2-/- groups, however, there is only one genus-like group, Bryantella spp. that
was more abundant in the Muc2-/- group (Fig. 4C). This lack of multiple microbial
groups with higher abundances in the Muc2+/- and Muc2-/- mice could be an indication
of colonization with a higher number of different microbial groups albeit at low relative
abundance per group. The idea that Muc2+/- and Muc2-/- mice are colonized by many, low
abundance species at week 4 is supported by the richness calculation showing Muc2+/and Muc2-/- have higher bacterial diversity than WT mice (Fig. 4B).
A

B

shannon

4 weeks old mice

C

richness

8 weeks old mice

4 weeks old mice

8 weeks old mice

D

Figure 4: Box-and-whiskers-plot showing the diversity (Shannon index) of microbiota in ileum of WT, Muc2+/and Muc2-/- mice (A). Box-and-whiskers-plot showing the richness of microbiota in ileum of WT, Muc2+/-, and
Muc2-/- mice (B). Redundancy Analysis (RDA) representing microbial ecology of Muc2-/- , Muc2+/-, and WT in
the ileum at week 4 (C) and 8 (D).

In adult mice (week 8) the RDA analysis revealed specific differences between the
microbiota of WT mice and the Muc2+/- and Muc2-/- mice, which was mainly associated
with higher relative abundances of Desulfovibrio spp, E. coli, Lactobacillus salivarius,
and Turicibacter et rel. in WT mice, and higher relative abundances of Lactobacillus
plantarum et rel. and Akkermansia muciniphila in Muc2+/- and Muc2-/- mice (Fig. 4D).
In the principal response curves (PRC) over time, the microbiota community displayed
more overall similarity in adult animals (week 8) as compared to those at the early
weaning stage (week 4) (not shown).
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Muc2-deficiency specifically alters expression of numerous immune, metabolic,
and cell-cycle control pathways in ileum
The number of differentially expressed genes in ileum of Muc2-/-, compared to WT, was
around 10-fold higher at 4 weeks than at weeks 2 and 8. Interestingly, a similar pattern is
also visible in the Muc2+/- mice, although at week 4 the number of differentially regulated
genes was less than in the Muc2-/- mice (not shown).

Gene Set Enrichment Analysis (GSEA), using the differentially expressed ileal genes
as input, was used to identify significantly modulated gene networks in the different
genotypes. In the ileum of Muc2-/- mice, specific immune-related gene sets were repressed
at weeks 2, 4, and 8 compared to their wild-type counterparts, including TLR-, immune-,
and chemokine-signalling (Fig. 5A and B).

Figure 5: Network representation of gene set enrichment analysis (GSEA) profile of up-regulated (red) or
down-regulated (blue) pathways in the ileum of Muc2-/- mice compared to wild-type mice at week 4 (A), and
week 8 (B). Network representation of gene set enrichment analysis (GSEA) profile of up-regulated (red) or
down-regulated (blue) pathways in the ileum of Muc2+/- mice compared to wild-type mice at week 4 (C), week
8 (D). The ‘geography’ of these representations has no implicit meaning.
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Conversely, gene sets involved in mitosis, cell cycle control, and oxidative phosphorylation
were induced in Muc2-/- compared to WT mice at all time points (Fig. 5A and B). Notably,
at week 8, but not week 4, adaptive immune response pathways were repressed in
Muc2-/- mice compared to wild type mice (Fig. 5B). At both week 4 and 8, lipid metabolism
pathways were repressed in Muc2-/- (Fig. 5A and B).
Further analysis using Ingenuity highlighted that the highest up-regulated genes at
week 2 were Fucosyltransferase 2 (Fut2), Metalloproteinase-7 (Mmp7) and Reg3γ. Later
on, Serum Amyloid A1 (Saa1), Fucosyltransferase 2 (Fut2), and Resistin-like β (Retnlb),
Beta-1,3-galactosyltransferase 5 (B3Galt5) and the IL-22-induced pro-proliferative
gene Pla2g5 were the highest significantly increased genes in Muc2-/- at week 4 and 8
(not shown).

To gain more insights into the processes affected in the heterozygote Muc2+/- mice
compared to the WT, we also performed GSEA to identify the most significantly affected
processes (Fig. 5C and D). Although Muc2+/- and Muc2-/- mice appeared to have many
differentially expressed genes in common. For example, gene sets associated with cell
cycle, and metabolic functions were consistently up-regulated and down-regulated,
respectively, in both the Muc2+/- and Muc2-/- mice compared to the WT at each time
point. However, comparative analysis identified considerable differences between the
Muc2+/- and Muc2-/- mice in comparison to the WT, which was clearly exemplified by
the immune system related gene sets that were up-regulated at all time points in the
Muc2+/- compared to the WT, whereas they were consistently down-regulated in the
Muc2-/- relative to the WT (Fig. 5). Interestingly, the heterozygote mice also significantly
overexpressed (but with lower fold changes) the genes that were expressed at the
highest fold-change levels in the Muc2-/- mice at week 4 and 8, such as Saa1, Fut2 and
Retnlb (not shown).
Additionally, to confirm the data observed in the trancriptomic analysis, qPCR were
done on specific genes involved in inflammation (IL-1β), innate immunity (Reg3β and
Reg3γ) and fucosylation (Fut2). We showed that Reg3β and Reg3γ mRNA levels were
significantly increased in Muc2-/- at weeks 8, compared to WT and Muc2+/- (Fig. 6A and
B). Fut2 mRNA levels were strongly increased in Muc2-/- at weeks 4 and 8 (Fig. 6C). IL1β mRNA levels were not significantly different in any of the groups at week 8 (Fig. 6D).
Those data are in line with the transcriptomics data previously described.
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Figure 6: QPCR measurements of Reg3γ (A), Reg3β (B), Fut2 (C) and IL-1β (D) in ileum of wild-type (WT),
Muc2+/- and Muc2-/- mice at week 8. * p<0.05.

IL-22 pathway plays a key role in maintaining the homeostasis in the ileum of
Muc2-/- mice

The IPA Upstream Regulator Analytic Analysis enabled us to identify the cascade of
upstream transcriptional regulators that can explain the observed gene expression
changes in the ileum of Muc2-/- mice. Many upstream transcriptional regulators were
activated or inhibited in Muc2-/- mice at each time point, although only a few were
connected to immune responses. Among the upstream regulators, IL-22 was identified
as playing a central role in the activation of gene expression at week 2 and 4 in the
Muc2-/- mice (Fig. 7). Notably, IL-22 is produced by activated DCs and type 3 subset
of innate lymphoid cells (ILC3) after sensing bacteria and initiates protective innate
immune responses against bacterial pathogens especially in epithelial cells 207. Therefore,
increased IL-22 signalling could explain the up-regulation of innate immunity related
genes like Reg3γ, Saa1, Fut2 and Retnlb at week 2 and 4 in Muc2-/- mice (Fig. 7). This is
consistent with our finding that expression of IL-22ra2, a secreted, soluble antagonist of
IL-22 signalling was decreased in Muc2-/- mice. Moreover, pro-proliferative factors such
as Myc were also potentially controlled by the IL-22 signalling pathway at week 2 in
the Muc2-/- mice, which correlates with the observed hyperproliferation (Ki67 positive
cells) at this time point.
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Figure 7: Down-stream genes regulated by IL-22 in the ileum of Muc2-/- mice at week 2 (A) and week 4 (B).
Up-regulated genes are depicted in shades of red and down-regulated are indicated in green. The colour of
the arrow indicates the influence of IL-22 on the respective genes. Brown arrows indicate activation of the
gene, yellow arrows indicate that the findings are not consistent with state of downstream molecule, and grey
arrows indicate that the effect is not predicted.

Discussion
MUC2 is the major secreted intestinal mucin and in its absence was previously shown to
cause colitis in mice 121 193. We confirmed that after 4 weeks Muc2-/- mice develop colitis
evidenced by increased thickness of the mucosa associated with hyper-proliferation,
apoptosis in crypts, ulceration accompanied by faecal blood, and weight-loss 121 193.
These histological changes are characteristic of murine models for IBD and clinical
symptoms of IBD in humans. To date the effect of Muc2-/- or Muc2+/- genotypes on small
intestinal physiology and microbiota have not been described in detail. Therefore, our
aim was to investigate how the small intestine responds to complete (Muc2-/-) or partial
(Muc2+/-) mucus-barrier defects as it might reveal crucial differences in ileal response
with respect to homeostatic mechanisms.
Deletion of Muc2 was not compensated by expression of other secreted mucins Muc5B,
Muc5AC or Muc6 in the ileum (results not shown). In contrast to the colon, the ileum of
Muc2-/- showed no histological signs of tissue damage, the only noticeable morphological
difference being an increased length of the villi (week 4 and 8) in agreement our
results showing hyper-proliferation of the intestinal epithelium. The evidence for
hyperproliferation comes from increased epithelial staining of Ki-67 but not apoptotic
cells, as well as increased expression of genes involved in cell cycle progression and
differentiation such as Myc and Pla2g5 were observed in Muc2-/- mice (week 2).
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Few genes associated with inflammation such as Mip-1a (Ccl3), Tnf-α, and Ccl17 were
up-regulated in ileum of Muc2-/- compared to WT. Eight genes of the mouse orthologues
of human IBD-related genes i.e. IL6ra, IL22ra1, Ccl2, Cxcl1, Timp1, S100a6, S100a13 and
Abcb1a were differentially expressed. In contrast, 12 of the 32 IBD-related genes were
up-regulated in colon of both Muc2-/- and Muc2+/- mice at weeks 4 and 8 (not shown).
Interestingly, one of the strongly down-regulated genes in the ileum was Tlr5, which
induces NF-κB activation upon binding of bacterial flagellin. Indeed, down-regulation
of Tlr5 in colitis has been observed and may be a feedback response to low-level
inflammation 208. Furthermore Nfap, a transcriptional activator of NF-κB, was downregulated, whereas Iκβ, an NF-κB inhibitor that binds to cytosolic NF-κB to prevent
nuclear translocation, was amongst the most strongly up-regulated genes. This apparent
repression of innate inflammatory signalling via repression of NF-κB signalling may
have contributed to preventing immune-mediated pathology in ileal mucosa of Muc2-/-.
In contrast innate defence genes encoding antimicrobial Defb46, Reg3β and Reg3γ were
expressed at significantly greater amounts in Muc2-/- than in WT mice.

In contrast to WT, bacteria in the ileum of Muc2-/- mice were frequently found in direct
contact with the epithelium. However, the expression of innate gene sets except for
Reg3 and defensin genes was less in the Muc2-/- mice than in WT, given the results of our
extensive GSEA analysis. This supports the notion that innate responses were suppressed
in the ileum of Muc2-/- mice compared to WT, possibly through a regulatory feedback
mechanism. One plausible explanation for reduced expression of innate pathway genes
could be the relatively high amounts of Reg3γ and Reg3β expressed in the Muc2-/- mice.
Incubation of mucosa from active Crohn’s disease with the human orthologue of Reg3β
(HIP/PAP) was shown to reduce pro-inflammatory cytokines secretion 209. Furthermore,
HIP/PAP prevented TNF-α-induced NF-κB activation in monocytic, epithelial, and
endothelial cells and reduced pro-inflammatory cytokine mRNA levels and adhesion
molecule expression 209. Moreover antisense blocking of HIP/PAP expression in a
rat model of acute pancreatitis increases severity of inflammation 210. In endothelial
cells, purified human HIP/PAP decreased expression of surface receptors involved in
leukocyte recruitment suggesting that HIP/PAP might dampen inflammatory responses
by inhibiting leukocyte recruitment into the intestine 209.
These findings support the idea that Reg3 proteins have anti-inflammatory activity and
their up-regulation participates in protection of epithelial cells in response to excessive
inflammatory stimuli. Down-regulation of NF-κB and inflammatory pathways in the
ileum of Muc2-/- mice, which express high amounts of Reg3β and Reg3γ, is reminiscent of
the effects of IL-10, an anti-inflammatory cytokine triggering expression of suppressor
of cytokine signalling via the JAK/STAT pathway. This hypothesis is supported by
previous studies showing that purified human PAP inhibits the NF-kB pathway via JAK/
STAT signalling in epithelial cells 211.
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At week 8 both Reg3 genes were significantly up-regulated in the ileum of Muc2-/- mice
and in the ileum of Muc2+/- mice at week 4. Expression of Reg3 proteins was also
increased in the colon, but the overall amount of transcription in colon was much lower,
as shown previously 40. Expression of Reg3 proteins is induced during infection or
inflammation 71, and is dependent on IL-22 signalling 212. This is consistent with our
finding that expression of IL-22ra2, a secreted, soluble antagonist of IL-22 signalling
213
was decreased in Muc2-/- mice. Apart from its role in stimulation of epithelial cells to
produce antibacterial proteins, IL-22 regulates cellular stress response, apoptosis, and
wound healing pathways in intestinal epithelial cells (IECs) via the signal transducer
and activator of transcription 3 (STAT3) pathway 214. Notably, STAT3 activation induces
expression of IL-6, which promotes epithelial survival and proliferation 215, which may
explain the increased proliferation and villus length in the Muc2-/- ileum. Moreover,
mRNA encoding Pla2g5, which is induced by Il-22 and stimulates proliferation in
IECs was strongly up-regulated in Muc2+/- and Muc2-/- at week 4 and 8. Interestingly
expression of the IL-6 receptor was also increased in ileum of Muc2+/-. Another highly
up-regulated gene in the ileum at weeks 4 and 8, both in Muc2+/- and Muc2-/- was Fut2.
The Fut2 gene, encoding an α-1,2-fucosyltransferase responsible for enzymatic linkage
of α1,2-linked fucose to cell membrane attached and secretory mucins of the intestinal
mucosa 216, Fut2 was significantly up-regulated in the ileum of Muc2-/- at week 8. It
has been shown that at weaning when the transition toward adult-type colonization
by microbiota occurs, Fut2 mRNA is increased leading to expression of fucosylated
epitopes in the colonic epithelium and fucose decoration of mucins 217 218 219 220. This
may be a mechanism to promote colonization by preferred groups of symbionts that
produce beneficial short-chain fatty acids and provide colonization resistance against
pathogens. Lamina propria ILC3 were recently shown to produce IL-22 through sensing
of bacteria via an unknown mechanism 207, leading to increased expression of Fut2 and
Reg3 proteins. This is consistent with our observation of increased bacterial contact
with the epithelium in Muc2-/- deficient mice (Fig. 3) and the IL-22 mediated effects on
epithelial expression and proliferation reported here.
Mucus directly or indirectly played a role in shaping the microbiota composition,
diversity and richness with greatest effect immediately preceding weaning, but
becoming more similar to that of WT in adult mice. This may be due to the ability of
specific members of the microbiota such as Akkermansia muciniphila to colonize the
mucus and utilize the mucus-associated glycans as a carbon source for growth 221. The
syntrophic interactions between mucus degraders and other bacteria in the small
intestine are poorly understood, but could explain differences in composition between
WT and mice lacking MUC2. The significant up-regulation of Reg3 proteins in Muc2-/mice could also shape the composition of the microbiota through selective inhibition or
killing of specific bacterial species.
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In summary, we propose a key role for the IL-22/STAT3 pathway in maintaining
homeostasis in the ileum as a consequence of loss of mucus barrier (Fig. 8). This
model is consistent with previous studies reporting increased expression of Reg3β and
Reg3γ 212 and stimulation of epithelial regeneration through STAT3 induction of proproliferative genes.

Figure 8: The IL-22-STAT3 pathway plays a key role in the maintenance of ileal homeostasis in
Muc2-deficient mice. A: Schematic representation of the small intestine of a wild-type mice. B: Schematic
representation of the small intestine of Muc2-/- mice showing known functions of IL-22. The anti-inflammatory
mechanism of PAP (Reg3β) on NF-κB driven inflammatory pathways is shown as a dotted line as it has only
been described for human colonic tissue and the precise mechanisms are not known. We speculate that IL-22
might also regulate Fut2 (shown as a dotted line). Mucus is indicated in blue, fucosylation is indicated in pink.
Legend: IEL: Intra-epithelial Lymphocytes; DC: Dendritic Cell; AMPs: Antimicrobial Peptides; SOCS3:
Suppressor of cytokine signalling 3. ILC3: Group 3 Innate Lymphoid Cells.

For example, Pla2g5, which is induced by IL-22 and induces proliferation in IECs 222
was strongly up-regulated in Muc2+/- and Muc2-/- mice at week 4 and 8. IL-22 induced
STAT3 signalling in epithelial cells may also explain the increased expression of other
protective factors such as Defb46 and Fut2. TLR, chemokine and innate pathways
were down-regulation of in the ileum of Muc2-/- mice compared to WT which may be
due to the protective effects of Reg3 proteins including anti-inflammatory signalling
211
, capacity to bind soluble MAMPs and direct antimicrobial activities 27. IL-22 is
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constitutively expressed in the small intestine by innate and adaptive cells including
TCRγδ T cells and dendritic cells, which can encounter bacteria at the epithelial surface.
These findings support the notion that IL-22 might be an attractive target for therapy of
intestinal inflammation.
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Abstract
Background: Our aims were (i) to correlate changes in the microbiota to intestinal
gene expression prior to and during the development of colitis in Muc2-/- mice and
(ii) to investigate whether the heterozygote Muc2+/- mouse, would reveal host
markers of gut barrier stress.
Methods: Colon histology, transcriptomics and microbiota profiling of faecal
samples was performed on WT, Muc2+/-, and Muc2-/- mice at 2, 4, and 8 weeks of
age.

Results: Muc2-/- mice develop colitis in proximal colon after weaning resulting
in inflammatory and adaptive immune responses, and expression of genes
associated with human IBD. Muc2+/- mice do not develop colitis, but produce
a thinner mucus layer. The transcriptome of Muc2+/- mice revealed differential
expression of genes participating in mucosal stress responses and exacerbation
of a transient inflammatory state around the time of weaning. Young WT and
Muc2+/- mice have a more constrained group of bacteria as compared to the
Muc2-/- mice, but at 8 weeks the microbiota composition is more similar in
all mice. At all ages microbiota composition discriminated the groups of mice
according to their genotype. Specific bacterial clusters correlated with altered
gene expression responses to stress and bacteria, prior to colitis development,
including colitogenic members of the genus Bacteroides.

Conclusions: The abundance of Bacteroides pathobionts increased prior to
histological signs of pathology suggesting they play a role in triggering the
development of colitis. The heterozygote Muc2+/- mouse produces a thinner
mucus layer and can be used to study mucus barrier stress in the absence of
colitis.
Keywords: Muc2-deficiency, colitis, Bacteroidetes, stress markers
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Introduction
A key element of the mammalian strategy for maintaining a microbiota accommodating
intestinal homeostasis is to minimize and regulate contact between luminal
microorganisms and the intestinal epithelial cell surface. Physical separation of bacteria
and the epithelium is largely accomplished by secretion of mucus, antimicrobial proteins
and IgA into the lumen 29 188. Intestinal mucus is primarily composed of the highly
O-glycosylated mucin 2 (MUC2), which is secreted by goblet cells in the epithelium. In
the mouse colon, two distinct layers can be distinguished; a stratified inner layer which
is attached to the epithelium and largely devoid of bacteria, and a less dense outer mucus
layer that is accessible to commensal microbes 66. The protective properties of mucus are
evident in Muc2-/- mice, which develop spontaneous colitis after weaning, when there
is an expansion of the microbiota and loss of protective factors in the mother’s milk 121
193
. This is associated with exacerbation of inflammatory gene expression and a decline
in regulatory T cells 122. In the ileum the IL-22 -regulated network of genes involved
in antimicrobial and wound-healing functions play a role in protecting the epithelium
from damage due to chronic inflammatory responses to the microbiota (Chapter 2) 223.

Mucosal barrier dysfunction is observed in inflammatory bowel diseases (IBD), and
different knockout mouse models of colitis have shown that mucus was more penetrable
to fluorescent beads (1-2 μm) and bacteria than their healthy counterparts 66 110 112 109.
The reasons for these changes in mucus permeability are not fully understood, but may
result from the structural changes in the glycoprotein core and/or the sulphation and
sialylation of mucin oligosaccharide residues, as reported in IBD patients 113. Excessive
and/or altered bacterial contact with the epithelium is known to trigger production
of inflammatory cytokines, which increase epithelial permeability 33, leading to an
influx of bacteria and their products across the epithelium thereby perpetuating the
inflammatory response. In human IBD, clinical pathology is associated with the altered
transcription of 32 common genes 224. Many of which are also differentially expressed
in mouse models of colitis.

Mucosal inflammation may be a key driver for the abnormal composition and decreased
diversity and richness of the microbiota that are common features in IBD patients and
mouse models of colitis 34 35 36. Many studies on the microbiota of IBD patients have
shown there is a lower proportion of Firmicutes, an increase in Gammaproteobacteria
including the Enterobacteriaceae, and an overall decrease in microbiota diversity.
Reduced complexity of the phylum Firmicutes is a signature of faecal microbiota
of Crohn’s disease patients with many studies describing decreased abundance of
Faecalibacterium prausnitzii 225. Decreased relative abundance of members of the
families Lachnospiraceae and Ruminococcaceae has been described in some studies, an
exception being Ruminococcus gnavus, which increases in abundance 37. Escherichia coli
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pathobionts exhibiting pathogen-like behaviours such as adhesion and invasiveness
(AIEC) are more frequently cultured from IBD patients 43 due to their selective growth
advantage in inflammatory conditions 40 41 42 192. Functional tests of the ability of specific
microbes to induce colitis in genetically susceptible mice has led to the identification
of other pathobionts including members of the Bacteroides, with the two most potent
disease inducing isolates belonging to the species B. thetaiotaomicron and B. vulgatus 226
227
. Changes in the abundance of commensals belonging to the Bacteroidetes have been
reported in studies on IBD patients but not all studies are consistent with this finding
34 228 229 230 231
.

A detailed understanding of the temporal changes in microbiota outlined above and their
relationship to intestinal gene expression prior to and during the development of colitis
is currently lacking. Such knowledge might provide new insights into the dynamics
of the interplay between the host and microbiota in IBD and have implications for
future therapies, for example by manipulation of the microbiota. However, prospective
studies requiring repeated biopsy sampling are difficult to perform in humans and the
data will be complex to statistically analyse and interpret due to genetic diversity and
variability in environmental exposures of the subjects. To address these problems we
took advantage of the Muc2-/- mouse experimental model of colitis, which provides an
opportunity to identify microbiota changes and host gene expression before and after
the onset of colitis. Although heterozygote Muc2+/- mice do not develop colitis, we
hypothesized there would be decreased mucus production and a mild mucus barrier
dysfunction, which might lead to altered microbiota-host interactions.

Materials and Methods
Animals

Muc2-/- mice with a 129SV background were bred as previously described 118. Mice were
generated from interbreeding Muc2+/- mice and genotyped 118. Mice were housed in a
specific pathogen-free environment with ad libitum access to AIN93 diet (Special Diets
Services, Witham, Essex, England), and acidified tap water in a 12-hour light/dark cycle.
The Erasmus MC Animal Ethics Committee (Rotterdam, the Netherlands) approved the
animal experiments.
Experimental set up

Groups of WT, Muc2+/-, and Muc2-/- (n = 5 in each group) littermates were housed
together with their respective birth mothers until weaning at 21 days, and sacrificed
at 14, 28, and 56 days postnatal. Proximal colons were excised and fixed in 4% (w/v)
paraformaldehyde (PFA) in phosphate-buffered saline (PBS), stored in RNAlater®
(Qiagen, Venlo, the Netherlands) at -20°C, or frozen in liquid nitrogen and stored at
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-80°C. Additionally, colonic tissue was collected, fixed in 4% PFA in PBS or Carnoy’s
fixative, and embedded in paraffin.
Histology

Paraffin sections (5 µm) of proximal colon were attached to poly-L-lysine-coated glass
slides (Thermo scientific, Germany). After overnight incubation at 37˚C, slides were
de-waxed and hydrated step-wise using 100% xylene followed by several solutions of
distilled water containing decreasing amounts of ethanol. Sections were stained with
haematoxylin and eosin (H&E) or Periodic Acid Schiff (PAS)/Alcian blue 194.
Immunohistochemistry

Cell proliferation marker Ki67 was detected by incubating the sections with anti-Ki67
antibody (Abcam, Cambridge Science Park, Cambridge, UK) diluted 1:200 in PBS, 90 min
at room temperature. Apoptotic cells were identified by staining for cleaved-Caspase 3
expression, using an anti-Caspase-3 antibody (Abcam) diluted 1:200 in PBS, overnight
at 4°C, following described methods.
Detection of bacteria using fluorescent in situ hybridization (FISH)

Paraffin sections were deparaffinised with xylene and hybridized with a general
bacterial probe, EUB 338 conjugated to Alexa 488 as described previously 223. Nuclei
were stained with DRAQ5 (Invitrogen, Life technologies Ltd, Paisley, UK), mounted in
Fluoromount G® (SouthernBiotec, Alabama, USA), and stored at 4°C.
RNA isolation, cDNA synthesis, and qPCR

Total RNA was isolated using the RNeasy® kit (Qiagen) with a DNase digestion step
according to the manufacturer’s protocol. One µg of RNA was reverse transcribed using
a qScript® cDNA synthesis kit (Quanta Biosciences, Gaithersburg, MD, USA) according
to the manufacturer’s protocol. QPCR was performed on a Rotorgene 2000 real-time
cycler (Qiagen). For qPCR, 5 µL cDNA (1:20 diluted from cDNA synthesis mixture) was
used, together with 300 nmol/L forward and reverse primer, 6.25 µL 2x Rotor-Gene
SYBR Green PCR kit (Qiagen), and demineralized water up to a volume of 12.5 µL. QPCR
was performed (2 min 95˚C, 40 cycles of 15 s at 95˚C, 1 min at 60˚C, and 2 min at 60˚C)
on a Rotorgene 2000 real-time cycler (Qiagen).

Muc2 expression was measured using the primer sequences 5’ACCTGGGGTGACTTCCACT3’
and 5’ CCTTGGTGTAGGCATCGTTC3’. The relative mRNA expression levels were
normalized against Gapdh (Forward: 5’GGTGAAGGTCGGTGTGAACT3’ ; Reverse:
5’CTCGCTCCTGGAAGATGGTG3’), and Hprt (Forward: 5’GTTAAGCAGTACAGCCCCAAA3’;
Reverse: 5’AGGGCATATCCAACAACAAACTT3’) expression in each mouse.
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Raw qPCR data were analysed using Rotorgene Analysis Software V5.0. Changes
in transcript levels were calculated relative to the glyceraldehyde-3-phosphate
dehydrogenase (Gapdh) and hypoxanthine phosphoribosyl transferase (Hprt) genes
that were expressed at the same level in WT, Muc2+/-, and Muc2-/- mice. Reactions lacking
reverse transcriptase or template were included as controls in all experiments and no
amplification above background levels was observed. The melting temperature and
profile of each melting curve was checked to ensure specificity of the amplification
product. For each PCR reaction, amplification of the correct amplicon was verified
by sequencing. Statistics were performed using GraphPad Prism® 5.0 software
(GraphPad, San Diego, CA, USA). Data shown are the means and the standard errors of
the means (SEM), analysed with the non-parametric Mann-Whitney test. Differences
were considered statistically significant when p<0.05.
Transcriptome analysis

Quantity and quality of RNA (5 arrays of individual mice per group) was assessed using
spectrophotometry (ND-1000, NanoDrop Technologies, Wilmington, NC, USA), and
Bionanalyzer 2100 (Agilent, Santa Clara, CA, USA), respectively. RNA was only used
to generate cDNA and perform microarray hybridisation when there was no evidence
of RNA degradation (RNA Integrity Number > 8). 100 ng of total RNA was labelled
using the Ambion WT Expression kit (Life Technologies Ltd, Paisley, UK) together
with the Affymetrix GeneChip WT Terminal Labelling kit (Affymetrix, Santa Clara, CA,
USA). Labelled samples were hybridised to Affymetrix GeneChip Mouse Gene 1.1 ST
arrays. Hybridisation, washing, and scanning of the array plates were performed on an
Affymetrix GeneTitan Instrument, according to the manufacturer’s recommendations.

Quality control of the datasets obtained from the scanned Affymetrix arrays was
performed using Bioconductor 195 packages integrated in an on-line pipeline 196. Probe
sets were redefined according to Dai et al. 197 utilising current genome information. In
this study, probes were reorganised based on the Entrez Gene database (remapped
CDF v14.1.1). Normalised expression estimates were obtained from the raw intensity
values using the Robust Multiarray Analysis (RMA) pre-processing algorithm available
in the Bioconductor library affyPLM using default settings 198. Differentially expressed
probe sets were identified using linear models, applying moderated t-statistics
that implemented empirical Bayes regularization of standard errors 199. A Bayesian
hierarchical model was used to define an intensity-based moderated T-statistic (IBMT),
which takes into account the degree of independence of variances relative to the
degree of identity and the relationship between variance and signal intensity 200. Only
probe sets with a fold-change (FC) of at least 1.2 (up/down) and p value < 0.05 were
considered to be significantly different. Pathway analysis was performed by Gene Set
Enrichment Analysis (GSEA) 201 202, and visualized in Cytoscape (http://www.ncbi.nlm.
nih.gov/pubmed/20656902).
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Microbiota profiling and multivariate integration and correlation analysis
Microbiota composition was determined using the Mouse Intestinal Tract Chip
(MITChip) as previously described 203, and analysed as described in supplementary
methods. To get insight into the interactions between changes in gene expression and
microbiota composition, the datasets per time point were combined using the linear
multivariate method partial least squares (PLS) 232, as described before 233. By this
integration the different genotypes in the study are not taken into account, but the
two datasets were integrated per individual mouse. For 14 mice both gene expression
and microbiota composition data was available at 2 weeks. Both datasets were log2
transformed before analysis and the canonical correlation framework of PLS was used
234
. The correlation matrices were visualized in clustered image maps 235. Analyses were
performed in R using the library mixOmics 236.

Results

Muc2+/- mice have altered mucus properties compared to WT mice, but do not
develop histopathological features of colitis
Alcian blue-staining was used to identify acidic carbohydrates, and Periodic Acid Schiff
(PAS) for neutral carbohydrates, both of which occur on the Muc2 glycoprotein. PASpositive and combined PAS-Alcian blue-positive goblet cells were observed in the colon
of WT and Muc2+/- mice. In contrast, goblet cells in Muc2-/- mice only stained slightly
positive for PAS (Fig. 1B). Moreover, these PAS-positive cells did not stain positive for
MUC2 and lacked the swollen morphology typical of goblet cells. As expected a secreted
mucus layer was absent Muc2-/- mice (not shown).

Muc2+/- mice had fewer Muc2-positive goblet cells than WT mice (Fig. 1B). The relative
amount of Muc2 transcript was not significantly different between WT and Muc2+/- due
to large biological variation (Fig. 1C). Nevertheless, the mucus was significantly thinner
in Muc2+/- compared to WT mice, supporting the hypothesis that this genotype produces
less mucus (Fig. 2).

From 4 weeks of age, colitis was observed in the proximal colon of Muc2-/- mice,
coinciding with altered crypt architecture, increased crypt length, and mild infiltration
of lymphocytes in the lamina propria (Fig. 1A). In Muc2-/- there were increased numbers
of proliferative enterocytes (Ki67-positive), and Caspase 3-positive apoptotic cells
present within the crypt epithelium, compared to WT colon tissue (Fig. 3). In contrast
no distinct morphological differences were observed between WT and Muc2+/- at 2, 4,
and 8 weeks (Fig. 1A).
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A

C
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Figure 1: A: Representative pictures
of H&E staining of the proximal
colon of 8 weeks old wild type
(WT), Muc2+/- (HZ), and Muc2-/- mice
(KO). B: Representative pictures of
Muc2-specific immunohistochemical
staining and PAS/AB staining of the
proximal colon of wild-type , Muc2+/- ,
and Muc2-/- mice at 8 weeks of age. C:
Relative Muc2 expression determined
by qPCR in samples of the proximal
colon (**, p<0.01). Bars: 100 and 50
μm

In WT mice we observed a clear spatial separation of the microbiota and the epithelium
(Fig. 4A). At many locations in the colon of Muc2-/- mice the microbiota was observed
in direct contact with epithelial surfaces and deep in the crypts (Fig. 4C), which was
never observed in the WT. Bacteria were also occasionally seen in direct contact with
epithelium of Muc2+/- mice (Fig. 4B), presumably due to the thinner colonic mucus layer
(Fig. 2).
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Figure 2: A: Representative pictures of PAS/Alcian blue of the proximal colon of 8 weeks wild type (WT) (A) and Muc2+/- mice (B). The inner mucus layer thickness
(white bar) has been measured using ImageJ software (***, p<0.001) (C). Scales: 100 μm and 20 μm
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Figure 3: Ki67- and Caspase
3-staining of sections of the
proximal colon of wild-type
(WT) and Muc2-/- (KO) mice.
All scale bars are 50 μm. The
arrows indicate apoptotic cells,
which are located primarily in
the surface epithelium in WT,
but predominantly near the
bottom of the crypts in the Muc2
knockout animals.

Figure 4: FISH analysis of the proximal colon of wild-type (A), Muc2+/- (B) and Muc2-/- (C) using the general
bacterial probe EUB338-Alexa Fluor 488 (green) and nuclei staining DRAQ5 (blue). Scale for all panels
identical, bar: 50 μm. Double arrow indicates the usually observed ‘gap’ between the microbiota and the
epithelium in the wild-type (panel A), whereas the gap is in fact the unstained mucus-layer. The single arrows
point to bacteria on epithelium (panel B) and deep within the crypt (panel C).

Weaning leads to a transient peak in the number differentially induced or
repressed gene transcripts in both Muc2-/- and Muc2+/- mice
At all ages both the Muc2-/- and Muc2+/- mice showed altered gene expression in the
colon, compared to WT (Fig. 5). At week 4, there were substantially larger numbers of
differentially induced or repressed gene transcripts in the colon of Muc2-/- and Muc2+/mice than at week 2 or 8 (Fig. 5).
Many differentially expressed genes in Muc2-/- and Muc2+/- mice were associated with
induction of immune pathways and epithelial remodelling (see below and Fig. 6). At week
4 histopathological signs of colitis were evident in the Muc2-/- mice and inflammatory
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pathway responses persisted to the end of the experiment (week 8). However, in Muc2+/mice some differentially expressed genes encoding cytokines, chemokines and cytokine
receptors induced at week 4 were not altered at week 8 compared to WT mice.
A

B

3

C

D

Figure 5: Venn diagram of the number of genes up-regulated (A, C) and down-regulated (B, D) in the proximal
colon of Muc2-/- (A, B) and Muc2+/- (C, D) mice, compared to wild-type (WT) mice (p value < 0.05) at weeks 2,
4, and 8.

Pathways related to inflammation, cell death, ECM remodelling and cell cycle are
upregulated in the colon of Muc2-/- mice

To gain insight into the pathways affected in Muc2-/- and Muc2+/- mice, a Gene Set
Enrichment Analysis (GSEA) 201 was performed, comparing changes in gene expression
in Muc2+/- and Muc2-/- mice to WT at the intervals from week 2 to 4 and week 2 to 8.
From week 2 to week 4, comparing Muc2-/- with WT mice, the major cellular pathways
differentially induced involve innate signalling, B and T cell activity, antigen processing,
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anti-viral response, and IgA production; compatible with immune activation and
inflammatory responses in the colonic mucosa. The strong induction of pathways
involved in cell cycle and mitosis most likely indicates increased immune and/or
epithelial cell proliferation and/or turnover (Fig. 6A and B).

Figure 6: Network representation of gene set enrichment analysis (GSEA) profile of up-regulated (red) or
down-regulated (blue) pathways in the proximal colon of Muc2 knockout mice compared to wild-type mice
at A) week 2 versus week 4 and B) week 4 versus week 8. Network representation of gene set enrichment
analysis (GSEA) profile of up-regulated (red) or down-regulated (blue) pathways in the proximal colon of
Muc2+/- mice compared to wild-type mice at C) week 2 versus week 4, and D) week 4 versus week 8. The
‘geography’ of these representation has no implicit meaning. Nodes are coloured in more intense shades of
red depending on strength of induction; or nodes are coloured in more intense shades of blue depending on
strength of repression.

Several nodes in the gene networks for neurotransmitter and G protein-coupled
receptor (GPCR) activity were down-regulated at week 4 in colon of Muc2-/- mice (Fig.
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6A). At week 8, similar gene sets were increased in the colon of Muc2-/- mice as in week 4,
with the addition of induced expression of genes linked to chemotaxis of granulocytes,
interleukin (IL)-12 signalling and glutathione metabolism (redox homeostasis) (Fig. 6).
Seven of the 32 IBD-related genes significantly altered in expression in human IBD 224,
were differentially expressed in the colon of Muc2-/- mice at week 2 compared to WT
mice (Table 1), including two matrix metalloproteinases (MMPs) that contribute to
epithelial and endothelial barrier disruption and enable immune cells to infiltrate into
the tissue.

Table 1: A comparison of the differentially expressed genes, involved in human IBD 224, in the colon of Muc2-/- and
heterozygote Muc2+/- mice. Up- or down-regulated genes, compared to WT, at different time points as indicated. NS
= non-significant.
Genes regulated in IBD

Gene

Name

Week2

Week4

Muc2+/- Muc2-/-

Week8

Muc2+/-

Muc2-/-

Muc2+/-

Muc2-/-

NS

2.03

NS

1.84

Cytokine and cytokine receptor genes:
Tnf

Tumor necrosis factor

NS

NS

Ifngr1

Interferon-γ receptor 1

NS

NS

NS

NS

NS

NS

Ltb

Lymphotoxin β

NS

1.38

NS

1.33

1.24

1.46

Il6ra

Interleukin 6 receptor

NS

NS

NS

NS

NS

NS

Il16

Interleukin 16

NS

NS

NS

NS

NS

NS

Il18r1

Interleukin 18 receptor 1

NS

NS

NS

NS

NS

NS

Il22ra1

Interleukin 22 receptor 1

NS

NS

NS

1.25

NS

NS

Il22ra2

Interleukin 22 receptor 2

1.26

2.19

1.30

NS

NS

-1.43

CCR2

NS

NS

NS

1.74

NS

1.38

Ccr7

CCR7

NS

NS

NS

NS

NS

NS

Ccl2

JE (hu:MCP-1)

Chemokine and chemokine receptor genes:
Ccr2

Ccl3

MIP-1α

NS

NS

1.37

NS

NS

1.89

Ccl5

RANTES

NS

1.28

NS

NS

NS

NS

Ccl7

MARC (hu:MCP-3)

NS

NS

1.36

NS

NS

NS

Ccl11

Eotaxin

NS

NS

NS

-1.57

NS

NS

Ccl17

TARC

NS

NS

NS

NS

NS

NS

Ccl20

MIP-3

NS

-1.42

NS

NS

NS

NS

Cxcr3

CXCR3

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

1.62

Cxcl1

Chemokine (C-X-C motif) ligand 1

Cxcl5

Chemokine (C-X-C motif) ligand 5

Cxcl10

IP-10
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Gene involved in tissue remodeling:
Mmp3

Stromelysin 1

Mmp7

Matrilysin

Mmp9

Gelatinase B

Mmp14 Membrane type1-MMP
Timp1

Tissue inhibitor of
metalloproteinase 1

NS

NS

NS

NS

1.25

1.55

1.51

2.19

NS

1.28

1.29

1.25

NS

NS

NS

1.45

NS

NS

NS

NS

NS

1.31

NS

1.20

NS

1.13

1.34

1.32

NS

1.74

Regenerating islet-derived genes:
Reg3g

Regenerating islet-derived 3 gamma

NS

2.41

1.72

2.25

NS

1.82

Pap

Pancreatitis associated protein

NS

NS

NS

NS

NS

NS

S-100 family genes
S100-a8 S-100 calcium binding protein a8

NS

NS

NS

NS

NS

NS

S100-a9 S-100 calcium binding protein a9

NS

NS

NS

NS

NS

NS

NS

NS

NS

-1.56

NS

-1.52

NS

NS

1.20

NS

1.49

Multidrug resistance gene:
Abcb1a

ATP-binding cassette, subfamily B
(MDR/TAP), member 1A

Gene involved in epithelial metabolism and biosynthesis:
Ptgs2

Prostaglandin-endoperoxide
Synthase 2 (COX-2)

NS

At week 4, 13 IBD-related genes were up-regulated, and 14 were up-regulated at week
8, concomitant with major tissue damage. IBD-related genes differentially expressed
in Muc2-/- mice at weeks 4 and 8 were MMPs Mmp3, Mmp7, Mmp9, Cxcl10, IL-22ra2
and IL-22ra1, which were all up-regulated except for the IL-22 receptor (IL-22ra1) at
week 8. Relative expression of the IL-22 receptor (IL-22ra1) was increased at week 4
and week 8 compared to week 2, whereas, IL-22ra2, the soluble antagonist of IL-22ra1,
was significantly down-regulated at these times. The most strongly down-regulated
gene at week 4 and 8 was Abcb1a, a gene expressing an epithelial cell surface-located
transporter that is proposed to export toxins from the mucosa into the lumen.

Interestingly, seven other of these IBD-related genes Ltb, IL22ra2, Ccl5, Ccl20, Mmp7,
Timp 1 and Reg3γ were already altered before the onset of histopathology. These
genes are related to mucosal healing and defences, and chemotactic responses. A heatmap was generated for immunity genes including those that encode PRRs, cytokines,
antimicrobial (poly)peptides, components of the NF-κB pathway, T cell markers (CD3e)
and T-helper (CD4), Tregs (Foxp3), and Th17 (RORγδ) subsets that were differentially
expressed in the proximal colon of Muc2-/- vs. WT mice at weeks 2, 4, and 8 (Fig. 7).

In Muc2-/- mice transcription of several TLR genes was up-regulated (Tlr4, -7, -8, -9,
-12, and -13), whereas Tlr2 and Tlr5, which were strongly repressed at weeks 4 and 8.
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The genes encoding antimicrobial stress proteins Reg3β and Reg3γ were strongly upregulated, but the beta-defensin (Defb)37 encoding gene was down-regulated. The upregulated Tnf-α, Cd3ε, Cd4, and Cd8 suggest an increased infiltration and/or activity of T
cells. At 2 weeks, even before histological signs of colitis were apparent, many immunerelated genes were upregulated in the colon. This included inflammatory cytokines, T
cell markers, innate defence factors and regulators of inflammatory processes such as
inhibitor of NF-κB epsilon and the soluble antagonist of IL-22 receptor signalling.

3

Figure 7: Heat maps of immunity-related genes differentially expressed in proximal colon, using genes
differentially expressed in Muc2-/- versus wild-type (WT), or Muc2+/- versus wild-type (WT) mice with week
8 as a reference. In red genes are represented, which are up-regulated and in blue the genes that are downregulated. The intensity of the colour is related to the level of expression.

The transcriptome of Muc2+/- mice reveals a homeostatic response to decreased
mucus production
A large number of differentially expressed genes are identical in Muc2+/- and Muc2-/mice when compared to WT at each age, suggesting that these changes are brought
about by similar mechanisms in both genotypes. For example, of the genes differentially
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regulated at week 2, 19 were up-regulated and 36 down-regulated in both Muc2+/and Muc2-/- mice (data not shown). GSEA of the networks affected in the proximal
colon of Muc2+/- revealed that DNA repair, energy metabolism and cell cycle pathways
were strongly up-regulated at weeks 2, 4, and 8 (Fig. 6C and D). Expression of these
pathways was also altered in Muc2-/- mice compared to WT although the magnitude of
the changes was greater than in Muc2+/- mice. Even though Muc2+/- mice do not develop
colitis, IBD-related genes IL-22ra2 and Mmp3 were differentially expressed in Muc2+/mice compared to WT at week 2; this increased to 5 genes (IL-22ra, Ccl3, Ccl7, Timp1,
and Reg3γ) at week 4, and 3 genes (Ltb, Mmp3, and Mmp7) at week 8 (Table 1). Genes
up-regulated in both Muc2-/- and Muc2+/- mice at either weeks 4 or 8 encode cytokines
(Ccl3, Ccl22), antimicrobial protein (Reg3γ), tissue-remodelling enzymes (Mmp3, Mmp7,
and Timp1), and lymphotoxin B. These genes are involved in innate defence including
chemotactic functions as well as remodelling of the extracellular matrix and mucosal
healing, both signs of tissue destructive processes.
Muc2 deficiency affects colon microbiota composition, diversity, and richness in
early life

16S ribosomal RNA (rRNA) gene derived microbiota profiles were obtained from faeces
of 2-, 4-, and 8 weeks-old WT, Muc2+/-, and Muc2-/- mice. At 2 weeks, the faecal content
of Muc2-/- mice displayed a significantly higher microbial diversity than WT and Muc2+/mice (P<0.05), due to increased richness of the profiles as measured at the probe level
(Fig. 8A and B).

Furthermore, redundancy analysis (RDA) established that at weeks 2, 4, and 8 the
microbiota composition could be discriminated on basis of the host’s genotype (Fig.
9A - C). The differences in colonic microbiota composition of Muc2-/- mice and the
other groups of mice were largest at week 2 and decreased over time (Fig. 9C). The WT
mice are characterized by higher relative abundances of members of the Clostridium
clusters IV and XIVa compared to the Muc2-/- mice at each time point. Bifidobacterium,
a well-known early life microbe in humans, had also higher relative abundances in the
WT relative to the Muc2-/- mice at weeks 2 and 4, but not at 8 weeks. Remarkably, the
microbiota composition of Muc2+/- mice displays an intermediate situation between the
WT and Muc2-/- mice at all time points (Fig. 9A-C).
Taking the diversity, richness, and RDA plots into account there are indications that in
WT and Muc2+/- mice there is an initial colonization by a more constrained group of
bacteria (2 weeks), which reached higher relative abundance in the WT and Muc2+/mice, compared to the Muc2-/- mice that are colonized by a more diverse microbial
community. During further development of the colonic ecology at 4 and 8 weeks, the
microbiota composition becomes more similar among mice with different genotypes,
both with respect to diversity and richness as well as in composition.
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Figure 8: Box-and-whiskers-plot showing the diversity (Shannon index) of microbiota in colon of WT, Muc2+/and Muc2-/- mice (A). Box-and-whiskers-plot showing the richness of microbiota in colon of WT, Muc2+/-, and
Muc2-/- mice (B). Statistically significant differences among groups and time points were indicated (*, p<0.05).
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Figure 9: Redundancy Analysis (RDA)
representing microbial ecology of Muc2-/(green cluster), Muc2+/- (red cluster), and WT
(black cluster) in the proximal colon at weeks
2 (A), 4 (B), and 8 (C). Scores of all individual
mice are indicated in each of panels A-C;
the clusters include all mice within a given
genotype.
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Specific bacterial clusters correlate with altered gene expression of mucosal
responses to stress and bacteria, prior to colitis development
To identify bacteria that might be correlated with early changes in colon gene expression,
we focused on the data from week 2, which was prior to the onset of any histopathology
in the Muc2-/- mice. Microbiota and transcriptomics data from week 2 were combined
for individual mice of all genotypes to investigate direct correlations between gene
expression and microbiota composition in these samples. Age and genotype were the
major drivers of changes in gene expression and microbial composition (Fig. 6 and
8), and thus in this analysis, any correlations found between gene expression and
microbiota will be the implicit result of variation in genotype. Four bacterial clusters
strongly correlated positively (red) or negatively (blue) with six clusters of genes (about
100 genes per cluster; Fig. 10).

Figure 10: Heat-map of correlation analysis of MITChip (vertical) and transcriptome (horizontal) datasets
at week 2. The integration of datasets was done per individual and gives direct correlation between gene
expression and microbiota composition over these samples. The genotypes are the largest driver for
differences in gene expression and microbiota composition, which is reflected in the high correlation clusters
in the plot. In deep red, the cluster of genes that most positively correlated with one group of bacteria. In deep
blue, the cluster of genes that most negatively correlated with a respective group of bacteria. Framed in yellow
the clusters discussed in more detail in the text of this chapter.
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Strongest correlations between microbiota members (orange in the vertical bar)
and specific changes in mucosal gene expression (orange and blue in horizontal bar)
were detected for Bacteroides plebeius et rel., unclassified Prevotella, Alistipes et rel.,
Bacteroides fragilis et rel., and Bacteroides vulgatus et rel. (Fig 10). These bacteria had
higher relative abundances (data not shown) in the Muc2-/- mice compared to WT and
displayed a positive correlation with immune response genes. A positive correlation
was also found with stress response genes involved in apoptosis and cell proliferation
(Table 2). Conversely, other microbial groups (pink in the vertical bar) displayed
opposite correlations with the same mucosal gene sets, including Pseudomonas et rel.,
Fusobacterium vibrio et rel., Solobacterium moorei et rel., and Sutterella wadsorthia et
rel..

Discussion
Previously, microarray analysis and qPCR of gene transcripts from colon of Muc2-/- and
WT mice at 2 and 4 weeks of age revealed distinct phases in colitis development preand post-weaning, which were presumed the result of changes in microbiota diversity
and/or density 193. Here we extended these comparisons to 8 weeks of age, as the first
several days after weaning are characterized by a relatively chaotic pattern of microbial
colonization leading towards an adult-like microbiota, and driving transient hostmicrobiota responses that lead to an adult-microbiota accommodating homeostatic
state 237. As predicted, the largest number of differentially expressed genes in Muc2-/compared to WT mice was found at weaning (1607 genes) and subsequently reduced to
533 genes in week 8. The pathways differentially expressed from week 2 to week 8 in
Muc2-/- compared to WT mice were diverse immune pathways consistent with immune
activation and inflammatory responses in the colonic mucosa. There was also a strong
induction of pathways involved in cell death, cell cycle, mitosis and remodelling of the
extracellular matrix, as a response to the tissue destructive processes observed by
histology. As in other mouse models of colitis a substantial number of the 32 genes known
to be up- or down-regulated in human IBD (Table 1) 224 were differentially expressed in
the colon of Muc2-/- mice compared to WT mice 201, 224. The most strongly up-regulated
genes include genes encoding MMPs, an important family of metal-dependent enzymes
that are responsible for the breakdown and reconstitution of extracellular matrix
(ECM) in normal physiological processes, like tissue remodelling, during development,
growth and wound repair. These ECM remodelling enzymes are also up-regulated in
human IBD and rodent models of colitis and linked to loss of epithelial barrier integrity,
inflammation and tissue destruction.
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0.006806
0.009964
0.003132
8.84E-05

2.62E-05
0.00188
0.005061
0.000484
0.000484
0.000754
0.006828
0.001773
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0.001775
0.002008
0.004588

GO:0044260 cellular macromolecule metabolicprocess

GO:0019222 regulation of metabolicprocess

GO:0060255 regulation of macromolecule metabolicprocess

GO:0006950 response tostress

GO:0009605 response to externalstimulus

GO:0051246 regulation of protein metabolicprocess

GO:0002376 immune systemprocess

GO:0043207 response to external bioticstimulus

GO:0051707 response to otherorganism

GO:0009607 response to bioticstimulus

GO:0044092 negative regulation of molecularfunction

GO:0001944 vasculaturedevelopment

GO:0001525 angiogenesis

GO:0009617 response tobacterium

GO:0048514 blood vesselmorphogenesis

GO:0001568 blood vesseldevelopment

Pvalue

0.003191

GOTerm

GO:0043170 macromolecule metabolicprocess

GOID

8

8

8

8

9

10

11

11

11

17

17

22

28

35

39

47

53

GeneCount

S100a14*,Fos*,Il1rn*,Anxa3*,Casp8,Optn,Tnfrsf14*,Ang4*

Itln1,S100a14*,Fos*,Il1rn*,Apobec1*,Anxa3,Casp8,Tlr7*,Optn,Tnfrsf14*,Ang4*

S100a14*, Fos*, Il1rn*, Apobec1*, Ccl9*, Anxa3, Lgals3, Casp8, Anxa2,
Pla2g10, Tlr7,Pik3cg,Klf10, Cd55, Tnfrsf14, Ccl6*,Ang4*

S100a14*,Fos*,Hbegf*,Il1rn*,Apobec1*,Krt20*,Dsc2,Anxa3*,Casp8,Pdia5*,Pr
oc,Anxa2,Tlr7*, Pik3cg, Txndc5, Mapk13, Cd55, Hmgcl, Foxa3, Ruvbl2, Optn,
Tnfrsf14, Nudt16,Os9,Eno3, Clca3*, Ang4*,Pnliprp2
Itln1, S100a14*, Fos*, Il1rn*, Apobec1*, Ccl9*, Dsc2, Anxa3, Lgals3, Casp8, Pr
oc,Anxa2,Pla2g10*,Tlr7*,Pik3cg,Cd55,Hmgcl,Foxa3,Optn,Tnfrsf14,Ccl6*,Ang4*

GeneName

Table 2: Gene ontology terms from the gene cluster 2 (orange in the horizontal bar) correlated with microbiota (orange and pink vertical bars) as shown in figure
10. *; genes significantly up-regulated (Fold-change > 1.2 ; p value < 0.05).
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GO:0040017 positive regulation oflocomotion
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GO:0070613 regulation of proteinprocessing

GO:0002573 myeloid leukocytedifferentiation

GO:0002763 positive regulation of myeloid leukocytedifferentiation 0.001249
0.003741

GO:2000147 positive regulation of cellmotility

GO:0051272 positive regulation of cellular componentmovement 0.003172
0.003868

GO:0030335 positive regulation of cellmigration

GO:0007173 epidermal growth factor receptor signalingpathway

GO:0045639 positive regulation of myeloid celldifferentiation

GO:0038127 ERBB signalingpathway

GO:0030316 osteoclastdifferentiation

GO:0002687 positive regulation of leukocytemigration

3

3

3

3

5

5

5

6

S100a14*, Lgals3,Tnfrsf14*

Fos*, Casp8, Klf10

Fos*, Casp8, Anxa2,Klf10

S100a14*, Anxa3*, Optn, Tnfrsf14*,Ang4*

Fos*, Dsc2, Casp8, Tlr7*, Foxa3,Optn

6

0.001336

GO:0071496 cellular response to externalstimulus

S100a14*,Apobec1*, Anxa3,Tlr7*,Optn,Tnfrsf14*,Ang4*

GeneName

7

8

GeneCount

0.002368

Pvalue

GO:0098542 defense response to otherorganism

GOTerm
0.007115

GOID

GO:0051270 regulation of cellular componentmovement

Table 2: continued.
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In contrast to Muc2-/-, the Muc2+/- mice did not develop colitis during the 8 week period.
However, the colonic mucus layer was significantly thinner in Muc2+/- than in WT mice,
which was also associated with altered mucosal gene expression. At week 2 and week
8 the affected gene networks in Muc2+/- mice were mainly associated with mucosal
healing and innate defence including chemotactic functions although there was
transient increase in inflammatory genes (e.g. Tnf and cytokine receptors for IFNγ, IL-2)
at week 4 resembling the transient inflammatory state observed in colonisation studies
with germ-free mice 237. Thus the Muc2+/- genotype appeared to exacerbate the transient
inflammatory response to the changing microbial ecology of the colon around weaning.
Several of the genes differentially expressed in the Muc2+/- mice were IBD-related, for
example, the intestinal Reg3 secreted stress proteins and MMPs.

As pathobionts are known to play a role in the pathophysiology IBD we investigated
the impact of the Muc2 genotype on the temporal development of the microbiota at
2, 4, and 8 weeks. Initial colonization of microbiota in WT and Muc2+/- mice involved a
more constrained group of bacteria as compared to the Muc2-/- mice, although during
prolonged colonization the microbiota composition became more similar in all mice,
but still consistently discriminated the groups of mice according to their genotype.
This suggests that Muc2 shapes the microbiota colonising the colon, especially in the 2
weeks postnatal, pre-weaning period, although a role of the antimicrobial factors that
were more highly expressed in Muc2-/- mice compared to WT or Muc2+/- mice can also
play a role. In the case of the Muc2+/- mice, which still produce a mucus layer, the altered
microbiota might be due to the host mucosal responses identified by transcriptomics.
The WT mice are characterized by higher relative abundances of members of the
Clostridium clusters IV and XIVa compared to the Muc2-/- mice. A decrease in abundance
of these Clostridium clusters, which are members of the phylum Firmicutes have been
consistently described in many studies on IBD patients 225.

To identify bacteria that might be correlated with early changes in colon gene expression
we used the linear multivariate method PLS method 232 for each time point, as previously
described 233. Interestingly these analyses revealed that even at 2 weeks, therefore
prior to the onset of colitis in the Muc2-/- mice, Bacteroides plebeius et rel., Unclassified
Prevotella, Alistipes et rel., Bacteroides fragilis et rel., and Bacteroides vulgatus et rel. were
positively correlated with the induction of mucosal gene expression associated with
immune and stress responses (Table 2). These bacterial groups were more abundant in
Muc2-/- mice than in WT littermates. An increased relative abundance of Bacteroidetes
has been observed in only some animal models of colitis 238 239. Nevertheless, B.
thetaiotaomicron and B. vulgatus have been demonstrated to induce colitis in
experimental rodent models, in which other commensal species do not induce colitis 227
240 241 242
. Nod2 mutations that disrupt bacterial recognition are one of the highest risk
factors for CD. Recently expansion of B. vulgatus, was shown to mediate exacerbated
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inflammation in Nod2-/- mice upon small-intestinal injury, providing further evidence
for its colitogenic potential in IBD 243. A subset of intestinal B. fragilis strains produce an
exotoxin (ETBF strains) associated with diarrheal disease and a number of studies have
shown associations of this species with IBD and colorectal cancer 244.

Recently, inflammation was shown to select for modifications of the Bacteroidetes
lipopolysaccharide, which increased their resistance to inflammation-associated
antimicrobial peptides by four orders of magnitude 245. These findings support the idea
that in Muc2-/- mice, the innate inflammatory responses driven by increased contact of
commensals with the epithelium leads to increased abundance of colitogenic members
of the Bacteroidetes phylum, which contribute to the onset of colitis.
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Abstract
There is a major lack of knowledge on how ageing affects intestinal physiology.
Understanding age-related changes in the intestine and their impact on
the microbiota and immune regulation is a goal of clear relevance to health
and longevity as it provides us with insights for new strategies to prevent
degeneration of intestinal barrier functions. The aims were to investigate effects
of ageing on mouse intestinal physiology, morphology, mucus barrier properties,
immune regulation, and bacterial compartmentalization.
C57BL/6 mice (litter mates) were sacrificed respectively at 10 weeks and
19 months of age. Carnoy’s solution fixed sections of ileum and colon were
used to investigate tissue morphology, mucus barrier thickness, and spatial
compartmentalization of bacteria to the lumen. Faecal microbiomics and tissue
transcriptomics were used to determine effects of ageing on microbiota and
mucosa physiology, including immunity.

Aged mice showed marked changes in intestinal morphology compared to young
adult mice. The colonic mucosa was thicker with more immune cell infiltration
than in younger mice. Furthermore, the mucus layer was reduced about 6-fold
relative to young mice, and was more easily penetrable by luminal bacteria. H&E
stained tissue sections of the small intestinal mucosa of old and young mice were
similar in appearance. However, a noticeable difference in old mice was that the
mucus was more easily penetrable by luminal bacteria. Transcriptomics data
indicate a significant down-regulation of innate and adaptive immunity in small
and large intestine of old mice. Microbiomics data show a significant decrease in
Akkermansia muciniphilia and Lactobacillus gasseri in old mice.
We conclude that ageing has marked effects on the gut barrier, including mucosal
thickening and mucus depletion. In old mice there is increased contact between
the epithelium and microbiota associated with chronic low-grade mucosal
inflammation and a dysbalanced microbiota, implicated in the pathology of
several chronic disorders.
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Introduction
Ageing is an ill-defined process involving changes in various body systems, which
converts a mature, fit person into an increasingly infirm one. With the passage of time,
individuals show decreasing cell-protection mechanisms and detrimental physiological
changes in metabolic processes and physiological functions of various tissues including
the heart, brain, and skeletal muscles 138. This leads to increased morbidity and mortality
due to autoimmune diseases, cancer and infectious disease 134 135 149, as well as a decline
of mental health, well-being, and cognitive abilities 136 137.

One of the most important effects of the ageing process is a significant decline of the
efficacy of both the adaptive and innate immune systems, which has been described
in several species 246 247. Studies on oral and parenteral vaccination in naturally ageing
mice showed that age-associated decrease in antigen-specific immune responses
occurs earlier in the mucosal immune system than in systemic immune system 166. It
is considered that aged humans exhibit a loss of naive T cells and a more restricted
T cell repertoire 150. Furthermore, aging results in decreased human CD8+ cytotoxic
T lymphocyte responses, restricted B cell clonal diversity, failure to produce highaffinity antibodies, and an increase in memory T cells 151 152. It has been suggested that
although certain dendritic cell (DC) populations are fully functional in ageing 153 154,
both foreign and self-antigens induce enhanced pro-inflammatory cytokines 155 155. This
enhancement of inflammation can be detrimental. However, very old individuals with a
more balanced pro- and anti-inflammatory phenotype may be the most fortunate 156 157.
The association of inflammation in ageing has been termed ‘inflammageing’ 158.

Aging significantly increases the vulnerability to gastrointestinal (GI) disorders with
approximately 40% of geriatric patients reporting at least one GI complaint during
routine physical examination 142. Despite the need to further understand age-associated
factors that increase the susceptibility to GI dysfunction, there is a paucity of studies
investigating the key factors in aging that affect the GI tract. To date these studies
suggest in old baboons (1). An increase in inflammatory cytokines 167 and miR-29a a
potential biomarker for colorectal neoplasia; (2). A decline in the IgA-mediated mucosal
immunity 166; (3). Increased intestinal permeability to macromolecules with age 145 146.
Specifically, advancing age was shown to correlate with an enhanced transepithelial
permeability of D-mannitol, indicating that there may be an age-associated decline in
barrier function 147; and (4). Altered intestinal smooth muscle contractility 143, as well
as the neural innervations of the GI tract musculature 144. In humans, the decreased
intestinal motility results in a slower intestinal transit leading to constipation 148.
The human microbiome is reported to have increased abundance of Bacteroides ssp.
in elderly subjects (>65 years) 159 160. However, other authors have concluded that
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differences in the microbiota of humans are only seen in centenarians with increased
inflammatory cytokine responses, and not in elderly subjects with an average age 70
± 3 years 161. In centenarians, the microbiota differs significantly from the adult-like
pattern, by having a low diversity in terms of species composition. Bacteroidetes and
Firmicutes still dominate the gut microbiota of extremely old people (representing
over 93% of the total bacteria) but compared to younger adults, there was a decreased
abundance of the Firmicutes subgroups, specifically Clostridium cluster XIVa, an increase
in Bacilli, and a rearrangement of the Clostridium cluster IV composition 161. Moreover,
the gut microbiota of centenarians is enriched in Proteobacteria, a group containing
‘‘pathobionts’’, shown to cause harm in a compromised or susceptible host 162 163.

To avoid chronic inflammatory reactions to the intestinal microbiota, mammals
minimize contact between luminal microorganisms and the intestinal epithelial cell
surface. This is achieved primarily through the secretion of mucus by goblet cells in
the epithelium, in addition secretion of antimicrobial factors and IgA into the lumen
also play a role by inhibition of bacterial growth and immune exclusion of bacteria 29
188
. The highest densities of bacteria are found in the colon and here the mucus forms
a thick stratified inner layer which is impermeable to bacteria and a loose outer layer
mixed with bacteria and luminal content 66. Both mucus layers have essentially the same
composition, suggesting the outer mucus layer arises from limited proteolytic cleavage
and volumetric expansion of the inner layer.

Mucus is formed from Muc2 the major secreted intestinal mucin and its absence in Muc2/mice leads to colitis, which starts in the distal colon and spreads to the proximal colon
248 193
. Colitis is associated with increased microbiota diversity and an early colonization
with pathobionts such as Bacteroides fragilis (Chapter 3). Moreover it has been shown
that even decreased Muc2 production, as observed in Muc2+/- mice perturbs intestinal
homeostasis and microbiota composition (Chapter 3). This highlights the importance
of mucus quantity and quality in the maintenance of intestinal homeostasis. Mucosal
inflammation negatively effects the mucus barrier with decreased production and
increased permeability to bacteria which if unresolved leads to a vicious cycle of
inflammation and barrier destruction 110 111.
Given the age-dependent effects on the gut barrier described to date we hypothesized
that the mucus barrier may be affected in old age and that this could have a major
impact on mucosal physiology and the microbiota. To date knowledge of the impact
of ageing on the human mucus barrier is limited to studies on gastric mucus 117 249.
Moreover none of the studies in ageing mice have deeply investigated the effects of
age on physiology of the small and large intestine. Such knowledge might provide new
insights into the dynamics of the interplay between the host and microbiota in elderly
and have implications for future interventions, for example by manipulation of the
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microbiota. We investigated age-dependent changes in mucus barrier and the impact
on mucosal physiology using histology, (immuno)-histology and Fluorescent in situ
Hybridization (FISH) techniques to obtain temporal data on morphological changes,
mucus production, and compartmentalization of bacteria in the lumen. Additionally
microbiota composition was determined with Mouse Intestinal Tract Chip (MITChip)
and transcriptomics data was obtained from colonic tissue.

Materials and Methods
Animals

C57BL/6 mice (Harlan Laboratories, USA) were housed in a specific pathogen-free
environment with ad libitum access to D12450B diet (10% fat) (Research Diets
Services BV, Wijk bij Duurstede, the Netherlands), and acidified tap water in a 12hour light/dark cycle. The University Medical Center of Groningen (UMCG) Animal
Ethics Committee (Groningen, the Netherlands) approved the animal experiments.
Experimental set up

Groups of 8-week-old males (n=5) were housed in individual ventilated cages, and
sacrificed at 8 weeks and 19 months of age. Ileal and colonic tissues were fixed in
Carnoy’s fixative and embedded in paraffin as previously described 123. Additionally,
segments of ileum and colon were frozen in liquid nitrogen and stored at -80°C for
RNA and protein assays. Faecal material was collected at 2, 8, 13, 15, and 19 months
(sacrifice) and stored at -80°C.
Histology

Paraffin sections (5 µm) of ileum and colon were attached to poly-L-lysine-coated
glass slides (Thermo scientific, Germany). After overnight incubation at 37˚C, slides
were de-waxed and hydrated step-wise using 100% xylene followed by several
solutions of distilled water containing decreasing amounts of ethanol. Sections were
stained with hematoxylin and eosin (H&E) and Periodic Acid Schiff (PAS)/Alcian blue
194
. Mucus layer thickness was measured (10 measurements per section / 2 sections
per animal / 5 animals per condition) using Image J software (NIH, Maryland, USA).
Immunohistochemistry

The slides were deparaffinised and antigen retrieval was performed by heating
the sections for 20 min in 0.01 M sodium citrate (pH 6.0) at 100˚C. Sections were
washed for 3 h with 3 changes of Tris-Buffered Saline (TBS). Non-specific binding
was reduced using 10% (v/v) goat serum (Invitrogen, Life technologies Ltd, Paisley,
UK) in TBS for 30 min at room temperature. T cells CD3 marker was detected by
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incubating the sections with anti-CD3 antibody (Invitrogen, Life technologies Ltd,
Paisley, UK) diluted 1:100 in TBS, overnight at 4°C. Leukocytes were detected by
incubating the sections with anti-CD45 antibody diluted 1:100 in TBS, overnight at
4°C. Paneth cells were identified staining for the lysozyme expression, detected by
incubating the sections with anti-lysozyme antibody (Invitrogen) diluted 1:100 in
TBS, overnight at 4°C. Cell proliferation marker Ki67 was detected by incubating the
sections with anti-Ki67 antibody (Abcam, Cambridge Science Park, Cambridge, UK)
diluted 1:200 in TBS, 90 min at room temperature. Apoptotic cells were identified by
staining for cleaved-Caspase 3 expression using an anti-Caspase-3 antibody (Abcam)
diluted 1:200 in TBS, overnight at 4°C. Muc2 was detected by staining of the sections
with anti-Muc2 antibody (kindly gifted by Dr. Gunnar Hansson) diluted 1:500 in TBS,
and goat-anti-rabbit Alexa 488 conjugated antibody (1:1000) (Molecular Probes, Life
Technologies Ltd, Paisley, UK) in TBS.
Detection of bacteria using fluorescent in situ hybridization (FISH)

The slides were deparaffinised with xylene and rehydrated in a series of ethanol
solutions to 100% ethanol. The tissue sections were incubated with the universal
bacterial probe EUB338 (5’-GCTGCCTCCCGTAGGAGT-3’) (Isogen Bioscience BV,
De Meern, the Netherlands) conjugated to Alexa Fluor488. A ‘non-sense’ probe
(5’-CGACGGAGGGCATCCTCA-3’) conjugated to Cy3, was used as a negative control.
Tissue sections were incubated overnight with 0.5 μg of probe in 50 μL of hybridization
solution (20 mmol/L Tris-HCl (pH 7.4), 0.9 mol/L NaCl, 0.1% (w/v) SDS) at 50°C in
a humid environment using a coverslip to prevent drying of the sample. The sections
were washed with (20 mmol/L Tris-HCl (pH 7.4), 0.9 mol/L NaCl) at 50°C for 20 min
and then washed 2 times in PBS for 10 min in the dark and incubated with DRAQ5
(Invitrogen) (1:1000) for 1 h at 4°C to stain nuclei. Sections were washed 2 times
in PBS for 10 min, mounted in fluoromount G (SouthernBiotec, Alabama, USA) and
stored at 4°C.
Transcriptome analysis

Quantity and quality of colonic and ileal RNA (5 arrays of individual mice per group) was
assessed using spectrophotometry (ND-1000, NanoDrop Technologies, Wilmington,
NC, USA), and Bionanalyzer 2100 (Agilent, Santa Clara, CA, USA), respectively. RNA
was only used to generate cDNA and perform microarray hybridisation when there
was no evidence of RNA degradation (RNA Integrity Number > 8). 100 ng of total RNA
was labelled using the Ambion WT Expression kit (Life Technologies Ltd, Paisley, UK)
together with the Affymetrix GeneChip WT Terminal Labelling kit (Affymetrix, Santa
Clara, CA, USA). Labelled samples were hybridised to Affymetrix GeneChip Mouse
Gene 1.1 ST arrays. Hybridisation, washing, and scanning of the array plates were
performed on an Affymetrix GeneTitan Instrument, according to the manufacturer’s
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recommendations.

Quality control of the datasets obtained from the scanned Affymetrix arrays was
performed using Bioconductor 195 packages integrated in an on-line pipeline 196. Probe
sets were redefined according to Dai et al. 197 utilising current genome information. In
this study, probes were reorganised based on the Entrez Gene database (remapped
CDF v14.1.1). Normalised expression estimates were obtained from the raw intensity
values using the Robust Multiarray Analysis (RMA) pre-processing algorithm
available in the Bioconductor library affyPLM using default settings 198.

Differentially expressed probe sets were identified using linear models, applying
moderated t-statistics that implemented empirical Bayes regularization of standard
errors 199. A Bayesian hierarchical model was used to define an intensity-based
moderated T-statistic (IBMT), which takes into account the degree of independence
of variances relative to the degree of identity and the relationship between variance
and signal intensity 200. Only probe sets with a fold-change (FC) of at least 1.2 (up/
down) and p value < 0.05 were considered to be significantly different. Biological
interaction networks among regulated genes activated in response to ageing were
identified using Ingenuity Pathways Analysis (IPA) (Ingenuity System). IPA utilizes
a large expert-curated repository of molecule interactions, regulatory events, geneto-phenotype associations, and chemical knowledge, mainly obtained from peerreviewed scientific publications, that provides the building blocks for network
construction. IPA annotations follow the GO annotation principle, but are based on a
knowledge base of > 1,000,000 protein-protein interactions. The IPA output signalling
pathways with statistical assessment of the significance of their representation
based on Fisher’s Exact Test. Our IPA analyses compared differentially regulated
genes in the ileum and colon of old males compared to young mice. The input was all
differentially regulated genes (p value < 0.05, FC > 1.2 and intensity > 20) of ileum
and colon.
Bacterial DNA extraction and microbiota profiling

The DNA from ileal content and faeces was extracted using the repeated beadbeating-plus column method 250. Microbiota composition was analysed by Mouse
Intestinal Tract Chip (MITChip), a diagnostic 16S rRNA array that consists of 3,580
unique probes especially designed to profile mouse intestine microbiota 203. 16S
rRNA gene amplification, in vitro transcription and labelling, and hybridization were
carried out as described previously 204. The data was normalized and analysed using
a set of R-based scripts in combination with a custom-designed relational database,
which operates under the MySQL database management system. For the microbial
profiling the Robust Probabilistic Averaging (RPA) signal intensities of 2667 specific
probes for the 94 genus-level bacterial groups detected on the MITChip were used
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. Diversity calculations were performed using a microbiome R-script package
(https://github.com/microbiome). Multivariate statistics, redundancy analysis
(RDA), and Principal Response Curves (PRC), were performed in Canoco 5.0, and
visualized in triplots or a PRC plot 206.
205

Multivariate integration and correlation analysis

To get insight into the interactions between changes in gene expression and
microbiota composition, the datasets per time point were combined using the linear
multivariate method partial least squares (PLS) 232, as described before 233. By this
integration, the two datasets were integrated per individual mouse. Both datasets
were log2 transformed before analysis and the canonical correlation framework of
PLS was used 234. The correlation matrices were visualized in clustered image maps
235
. Analyses were performed in R using the library mixOmics 236.

Results

Age-associated changes in the intestine
In H&E stained ileum tissue of 19-month old mice and young (8 weeks old) mice
(Fig. 1), the villi were significantly (p<0.001) longer in 19 month-old mice compared
to young mice (Fig. 1E). This phenomenon was recently linked to perturbation of
intestinal homeostasis 251. Additionally lymphoid structures resembling solitary
intestinal lymphoid tissue (SILT) 252 were observed more frequently in colon of
19 month-old mice than 8 week old mice and comprised mainly of CD45-positive
haematopoietic cells, B-cells (B220-positive cells) and some CD3-positive T-cells
(Fig. 1F-I).
In the ileum of old mice there were fewer lysozyme-positive cells at the bottom of
the crypts than in young mice, suggesting reduced Paneth cell activity and redeced
production of innate antimicrobial factors (Fig. 2).
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Figure 1: Representative pictures of H&E staining of colon (A) and
ileum (C) of young (10 weeks) mice, and of colon (B) and ileum (D)
of old mice. Scale bar: 100 μm. Villus length measured on 10 welloriented villi (5 mice per group). Pooled villus length measurement
are presented in panel E. *** indicates statistical difference at p<0.001.
Representative pictures of Solitary Intestinal Lymphoid Tissue (SILT)
stained with H&E (F), CD45 (G), B220 (H) and CD3ε (E) in old mice.
Scale bar: 50 and 100 μm.

Lysozyme

8 weeks

19 months

Figure 2: Representative immune
histochemistry of lysozyme in
ileal tissues from 8 week-old (A)
and 19 month-old (B) mice. Scale
bar: 50 μm. Arrows point to a SILT.
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The inner mucus layer is thinner in old mice than young mice and permeable to
bacteria
Alcian blue-staining was used to identify acidic carbohydrates like Muc2, and PAS for
neutral carbohydrates, both of which occur on the Muc2 glycoprotein. In wild-type mice
we observed a firm layer of mucus (around 25 μm thick) covering the colon epithelium.
The mucus appeared to be organised into stacked layers with a stratified appearance as
previously described 66. Mice 19 months of age showed a much thinner (1-5 µm) than
8 week-old mice, or even an absent mucus layer (Fig. 3B-D). The mucus layer was even
thinner or absent on top of the SILT, due to the absence of mucus-secreted goblet cells
in this area (Fig. 3H).
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Figure 3: Representative pictures of PAS/Alcian Blue staining of colon (A) and ileum (E) of 10 week-old mice,
and of colon (B) and ileum (F) of 19 months-old mice. Scale bars: 100 μm. Muc2 staining (in green; cell nuclei
in blue) of colon of young mice (C) and old mice (D). Double arrow represents the mucus layer (C). Vertical
bar represents the mucus layer thickness (D). Horizontal white bars represents the scale of 50 um. Scale bars:
50 μm. Mucus thickness measured (10 measurements per section, 2 sections per animal) in 5 colonic tissues
of young and old mice, respectively. Pooled mucus measurements are presented in panel G. *** indicates
statistical difference at p<0.001. Representative pictures of PAS/Alcian Blue staining of colonic SILT (H).
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The effect of ageing on the spatial compartmentalisation of bacteria in both small
intestine and colon was investigated by FISH. The thinner mucus layer in old mice was
associated with increased contact of the epithelium with intestinal microbiota. For
example, in small intestine and colon of young mice we observed in a clear “gap” of
about 50 μm in between the microbiota and the epithelium (Figs. 3 and 4). This “gap”
corresponded to the thick mucus layer in between the surface of the epithelium and the
luminal content (Fig. 4).

Figure 4: FISH analysis of sections of
the colon (A) and ileum (C) of 8 weekold mice using the general bacterial
probe EUB338-Alexa Fluor 488 (green),
and nuclear staining DRAQ5 (blue), and
similar analysis of sections of the colon
(B) and ileum (D) of 19 month-old mice.
Arrows indicate the distance between
bacteria and epithelium. Scale bars: 50
μm.

At many locations in the small intestine and colon of 19 month-old mice the microbiota
was frequently observed in direct contact with epithelial surfaces, due to a dysfunctional
mucus barrier, which was never observed in the young mouse (Fig. 4).
19 months

Ki67

Caspace 3

8 weeks

Figure 5: Caspase 3 (A-B) and Ki67 (CD) staining of colon in young control
(8 weeks) and old (19 months) mice.
Arrows show apoptotic goblet cells in
old colon (B) and proliferative cells in
crypts of young control (C). Scale bars:
50 and 100 μm.

Apoptotic cell staining in colon tissue (cleaved Caspase 3) showed a significant
proportion of goblet cells in the upper part of the crypts were apoptotic (Fig. 5A and
B). No compensatory epithelial proliferation (Ki67 staining) was observed in aged
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mice to counter balance goblet cell apoptosis. As a consequence, aged mice have less
mucus-producing cells than their younger counterparts, explaining the reduced mucus
thickness (Fig 5D), without a decrease in Muc2 transcription (data not shown).
Genes functioning in innate and adaptive immunity pathways are down-regulated
in the colon and ileum of ageing mice
In the large intestine, a transcriptomics approach was used to gain more insight into
the potential pathways and mechanisms that might be modulated by the processes of
ageing. Applying the following criteria, FC > 1.2, p-value < 0.05 and signal intensity >
20 in at least one of the arrays, we found 1503 differentially expressed genes (759 upregulated and 744 down-regulated) in old mice versus young mice (data not shown).

A heat-map was generated for immunity-related genes, including those that encode
pattern recognition receptors (PRRs), cytokines, chemokines, immunoglogulins,
antimicrobial (poly)peptides, T cell markers (CD3ε), and T-helper (CD4 or CD8)
and Tregs (Foxp3) subsets that were differentially expressed in the proximal colon
of 19 month-old mice (Fig. 6A). The down-regulated Cd3ε, Cd4, and Cd8 suggest a
decreased abundance of T cells. The strong down-regulation of chemokine genes and
immunoglobulin expression suggest a decrease in immune responsiveness and B cell
activity.
In the ileum 930 genes were found expressed (428 up-regulated and 502 downregulated) in old versus young mice (data not shown). The Gene Ontology Biological
Processes annotations of the differentially expressed genes showed that processes
predominantly related to adaptive immunity were strongly down-regulated in the small
intestine of old mice.
The most down-regulated pathways were CTLA4 Signalling in Cytotoxic T Lymphocytes,
T Cell Receptor Signalling, Natural Killer Cell Signalling, Role of NFAT in Regulation of
the Immune Response, CD28 Signalling in T Helper Cells (Supplementary data, Fig. S1).

An expression heat-map was generated for immunity-related genes including those
that encode pattern recognition receptors (TLRs etc.), cytokines, chemokines,
immunoglogulins, antimicrobial (poly)peptides, T cell markers (CD3ε) and T-helper
(CD4 or CD8) and Tregs (Foxp3) subsets that were differentially expressed in the ileum
of 19 month-old males (Fig. 6B). As found in the colon, genes related to innate and
adaptive immunity were strongly down-regulated in old mice compared to young mice.
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Figure 6: Heat maps of immunity-related genes differentially expressed in proximal colon (A) and ileum (B),
using genes differentially expressed in old (O) versus young (Y) mice. In red, genes are represented, which are
up-regulated and in blue the genes that are down-regulated. Scale: Log2 (FC) = -1 (blue) < 0 (white) < 1 (red).
The intensity of the colour is proportional to change in expression.
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Ageing is associated with altered intestinal microbiota
To investigate the impact of ageing on the colonization pattern of the colon, 16S DNA
microbiota profiles of faeces from 2.5, 8, 13, 15, and 19 month-old C57BL/6 mice were
determined using the MITChip microarray 203. The faecal content of 15 - and 19 monthsold mice displayed a significantly higher microbial diversity than young mice (P < 0.05),
due to increased richness in bacterial taxonomic units (Fig. 8). The intermediate ages
(7 and 12 months) displayed similar diversity and richness as the young mice (Fig. 7).
A

Shannon diversity

6.1
6.0
5.9
5.8
5.7

Young

B

8 months 13 months 15 months 19 months

richness

Richness

700
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500

400
Young
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Figure 7: Box-and-whiskers-plot
showing the diversity (Shannon
index) of microbiota in colon of
young (2.5 months), 8 months, 13
months, 15 months, and 19 months
of age (A). Box-and-whiskers-plot
showing the richness of microbiota
in colon of young, 8 months, 13
months, 15 months, and 19 months
of age (B). Statistically significant
differences among groups and time
points were indicated (*, p<0.05).

Nevertheless, redundancy analysis (RDA) clearly established that at 8, 13, 15, and 19
months of age the microbiota composition was clearly distinct compared to 8 week-old
mice (Fig. 8).

Akkermansia muciniphila, Porphyromonas asaccharolytica et rel., Collinsella,
Corynebacterium et rel., and Lactobacillus gasseri et rel., were significantly less present
in old mice compared to young mice (Fig. 9), whereas Lachnospira pectinoschiza et rel.,
and Butyrivibrio crossotus et rel., were significantly more present in old mice (Fig. 9).
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4
Figure 8: Redundancy Analysis (RDA) representing microbial ecology of young (2.5 months) mice (black
cluster), 8 months (yellow cluster), 13 months (blue cluster), 15 months (green cluster) and 19 months
(brown cluster) in the faeces.

Figure 9: Heat map of bacteria significantly changed within age. In red, bacteria which are significantly more
present in faeces and in blue the bacteria that are significantly less present in young (2.5 months, 8 months,
13 months, 15 months and 19 months of age. Scale: Log2 (FC) = -1 (blue) < 0 (white) < 1 (red). The intensity
of the colour is proportional to change in bacterial presence.
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Specific bacterial clusters correlate with altered gene expression of mucosal
responses to bacteria in ageing mice
To identify bacteria that are correlated with observed effects of ageing in colon gene
expression, we performed a multivariate integration and correlation analysis on the
data from 19 months-old mice. Microbiota and transcriptomics data were pooled
for individual mice to investigate direct correlation between gene expression and
microbiota composition over these samples. Four bacterial clusters (A-D) strongly
correlated either positively (red) or negatively (blue) with 6 clusters of genes (1-6;
about 100 genes per cluster) (Fig. 10). The individual genes in the gene cluster 5 are
listed in Supplementary material, Table S1.

Figure 10: Heat-map of correlation analysis of MITChip (vertical) and transcriptome (horizontal) datasets of
mice at 19 months of age. The integration of datasets was done per individual mice (5 mice per group) and
gives direct correlation between gene expression and microbiota composition over these samples. In deep
red, the cluster of genes that most positively correlated with one group of bacteria. In deep blue, the cluster
of genes that most negatively correlated with a respective group of bacteria. The intensity of the colour is
proportional to change in expression. Framed in black; the gene clusters 2 and 5 discussed in more detail in
the chapter. Six main gene clusters (1-6) and 4 main bacterial clusters (A-D) were identified. The individual
genes in the respective gene clusters are listed in Supplementary table S1.
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Strongest correlations between microbiota members (cluster B, Fig. 10) and specific
changes in mucosal gene expression (clusters 2 and 5) were detected for uncultured
Clostridiales and Lachnospira pectinoschiza et rel. (Fig. 10). These bacteria had higher
relative abundances (Fig. 9) in the mice of 15 and 19 months of age compared to young
mice and displayed a positive correlation with immune response genes (gene cluster
5) (Supplementary data, Table S1). A positive correlation was also found with stress
response genes involved in apoptosis and cell proliferation, as well as immune genes.
Conversely, other microbial groups (indicated blue in the colour key), which are more
present in young mice (Figs 9 and 10), displayed opposite correlations with the same
mucosal gene sets, including several bacterial groups of Actinobacteria (Corynebacterium
et rel., Atopobium, Bifidobacterium, Collinsella and Propionibacterium) and the bacterial
groups Vibrio et rel., Allobaculum et rel., and Catenibacterium.

Discussion

Old age is associated with increased intestinal permeability, reduced sIgA production
and susceptibility to gastrointestinal disorders in elderly subjects 164 166 147. However,
none of the previous studies in mice or humans investigated the effect of ageing on
mucosal tissue transcriptomes or the mucus barrier thickness and permeability. In 19
month old mice the colon mucus was significantly thinner than in young mice. Similar
observation were recently reported in colon of rat 249. In the small and large intestine
of 19 month old mice a higher proportion of apoptotic goblet cells were present in the
upper part of the crypts, together with less PAS/Alcian blue positive goblet cells than in
young mice, supporting the notion that the reduced mucus thickness is due to presence
of fewer Muc2 secreting goblet cells. Only the goblet cell lineage appeared to be affected
by increased apoptosis and increased epithelial cell proliferation (Ki67 staining)
appeared to be unchanged. Another factor potentially contributing to the shrinkage
of mucus could be the reduced expression of Muc1. In Muc1-/- mice shrinkage of the
secreted mucus is also observed, independent of any change in Muc2 gene expression
253
. The reasons for this are not clear but could be related to loss of Muc1 signalling,
increased endothelium reticulum stress or loss of interactions between membrane
tethered Muc1 and secreted mucin. A consequence of the reduced mucus thickness in
old mice was increased contact of luminal bacteria with the colon and ileum epithelium.
Surprisingly, this chronic contact of bacteria with epithelium was not associated with
the development of colitis, contrary to which was observed in Muc2-/- mice (Chapter 3).
The absence of colitis could be due to the down-regulation of immunity genes in the
mucosa of old mice.
In the colon where bacteria are most abundant, we observed an increased number
of lymphoid structures known as SILT. SILT develops early after birth under the
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continuous exposure to commensals and potential pathogens 254, and appeared to be
mainly composed by B-cells as previously reported 252. The MyD88 dependence of
SILT development is consistent with their higher frequency in old mice and increased
epithelial contact with bacteria and bacterial MAMPs.

In old mice transcription of genes related to innate and adaptive immunity such as
immunoglobulins (in particular IgA) were strongly down-regulated compared to young
mice. The reduced activity of these barrier functions in old mice is likely to contribute
to the perturbation of intestinal homeostasis and result in the increased contact of the
epithelium with potentially harmful antigens and microbes 29 188.

The human microbiome of in elderly subjects (around 65 years) has overall a
reduced diversity but increased abundance of Bacteroides ssp. 159 160. This is however,
inconsistent with other studies showing that differences in the microbiota of humans
are only seen in centenarians with increased inflammatory cytokine responses, and not
in elderly subjects with an average age 70 ± 3 years 161. However, this finding was not
observed in old mice. To identify bacteria that might be correlated with changes in colon
gene expression we used the linear multivariate method partial least squares (PLS)
method 232 for each time point, as previously described 233. We found that uncultured
Clostridiales and Lachnospira pectinoschiza et rel. had higher relative abundances in the
old mice of 15 and 19 months of age compared to young mice and displayed a positive
correlation with immune response genes. A positive correlation was also found with
stress response genes involved in apoptosis and cell proliferation, as well as immune
genes. Akkermancia municiphilia was also strongly decreased with ageing. Akkermansia
muciniphila is a Gram-negative bacterium, which in mice is the only species belonging
to the phylum Verrucomicrobia 255. It interacts via its mucin-degrading capabilities with
enteroendocrine cells to modulate gut barrier function, and it is capable of producing
certain short chain fatty acids (SCFAs) with a direct action on the G-protein receptor 43
(GPR43) 221. It has been shown that induction of IBD in mice with dextran sodium sulfate
(DSS) reduces the number of extracellular vesicles derived from A. muciniphila, and
feeding DSS-induced mice such vesicles reduces the severity of IBD 256, which fits well
with observations in humans 257. Lactobacillus gasseri was also strongly decreased with
ageing. It has been previously shown that L. gasseri has anti-inflammatory properties
and reduces effects of colitis in IL-10-/- mice model 258. These results highlight a lowgrade effect of ageing on the intestinal microbiota, reducing the presence of bacteria
such as A. municiphila and L. gasseri, which have been previously associated with
beneficial effects on health.
In summary these findings show for the first time a deleterious effects of ageing on the
barrier function of intestinal mucus, resulting in increased contact of the epithelium
with the resident microbiota. This was linked to increased apoptosis of goblet cells
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and decreased lysozyme production in the small intestinal crypts. Moreover, mucus
barrier dysfunction was associated with reduced innate immunity, mucosal T cell
functions and immunoglobulin production. These processes are linked to changes in
the microbiota composition and reduced diversity in old mice, as reported in human
microbiota studies in elderly subjects. Although more challenging it will be important
to determine whether the mucus barrier deteriorates with increasing age in humans
and has negative affects in other organs and the systemic immune system. Strategies to
maintain the gut barrier function may slow down the effects of ageing in the gut, which
could have a major impact on health and the systemic effect of ageing.
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Supplementary data
Percentage
CTLA4 Signaling in Cytotoxic T Lymphocytes
T Cell Receptor Signaling
Natural Killer Cell Signaling
Role of NFAT in Regulation of the Immune Response
CD28 Signaling in T Helper Cells
iCOS-iCOSL Signaling inT Helper Cells
Systemic Lupus Erythematosus Signaling
PKCθ Signaling in T Lymphocytes
Cytotoxic T Lymphocyte-mediated Apoptosis of Target Cells
Hematopoiesis from Pluripotent Stem Cells
Communication between Innate and Adaptive Immune Cells
Nur77 Signaling in T Lymphocytes
FXR/RXR Activation
Calcium-induced T Lymphocyte Apoptosis
Role of Hypercytokinemia/hyperchemokinemia in
Pathogenesis of Influenza
Graft-versus-Host Disease Signaling

Supplementary Figure S1: Top 15 pathways significantly (-log(pvalue)>5) regulated in ileum of 19 monthold mice compared to young mice (8 weeks). In red the percentage of genes up-regulated, and in green the
percentage of genes downregulated in a pathways.
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Supplementary Table S1: Top 20 Gene ontology terms from the gene cluster 5 (Figure 10) positively
correlated with microbiota. In bold are depicted the genes (and associated GO terms) related to immunity.
GO ID

GO Term

P-value

Z-score Genes

GO:0006809

nitric oxide biosynthetic process

0.000111 -2.96922 CYP1B1;RORA;DDAH2

GO:0030198

extracellular matrix organization

4.15E-05

-2.3808 KLK7;CYP1B1;EFEMP1;CMA1;ITGB2;
FGF2;DDR2;ADAMTS5;MMP12;KDR

GO:0043062

extracellular structure organization

4.25E-05

-2.3805 KLK7;CYP1B1;EFEMP1;CMA1;ITGB2;
FGF2;DDR2;ADAMTS5;MMP12;KDR

GO:0006956

complement activation

0.018531 -3.78328 C1QB;C4A;CFH;VSIG4

GO:0002253

activation of immune response

0.006734 -3.37902 C1QB;C5AR1;C4A;MNDA;CFH;ITGB
2;TXK;VSIG4

GO:0002042

cell migration involved in sprouting
angiogenesis

0.004054 -3.01007 FGF2;KDR

GO:0072376

protein activation cascade

0.026542 -3.51392 C1QB;C4A;CFH;VSIG4

GO:0046209

nitric oxide metabolic process

0.000837 -2.69417 CYP1B1;RORA;DDAH2

GO:0021702

cerebellar Purkinje cell differentiation

0.003153 -2.64119 ATXN2;RORA

GO:0002003

angiotensin maturation

0.002742 -2.63503 CPA3;CMA1

GO:0035338

long-chain fatty-acyl-CoA biosynthetic
process

0.00506

GO:0006959

humoral immune response

0.064291 -3.09382 C1QB;C4A;CFH;VSIG4

GO:0031017

exocrine pancreas development

0.001676 -2.45392 IGF1;PDX1

GO:1903053

regulation of extracellular matrix
organization

0.005601 -2.71018 CYP1B1;DDR2

GO:0001945

lymph vessel development

0.001676

-2.3934 HEG1;KDR

GO:0046949

fatty-acyl-CoA biosynthetic process

0.006169

-2.6396 ACSL1;ELOVL4

GO:0050679

positive regulation of epithelial cell
proliferation

0.001537 -2.37395 5AR1;IGF1;FGF2;MMP12;KDR

GO:0043534

blood vessel endothelial cell migration 0.008685 -2.64136 FGF2;KDR

GO:1903034

regulation of response to wounding

0.003822 -2.45453 ADAMTS18;C4A;CFH;CMA1;RORA;S
CARA5;FGF2

GO:0010762

regulation of fibroblast migration

0.006169 -2.60514 FGF2;DDR2

GO:0006957

complement activation, alternative
pathway

0.003153 -2.44503 CFH;VSIG4

-2.67396 ACSL1;ELOVL4
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Abstract
Background: The involvement of intestinal barrier function and the microbiota
in Gastrointestinal (GI)-related disorders is well documented but more
knowledge is needed on how sexual dimorphism affects intestinal physiology.
This aim is of clear relevance to health and longevity, as it should be considered
in future clinical trials and might provide insights for development of genderspecific approaches to prevent degeneration of intestinal barrier functions.

Methods: Tissue morphology (H&E), mucus barrier function (Periodic Acid
Schiff (PAS)/Alcian blue), and bacterial compartmentalization (fluorescent insitu hybridization staining of bacteria) were investigated by staining segments of
ileum and colon fixed in Carnoy’s fixative from male, female, and ovariectomized
female C57BL/6 mice at 2.5 and 19 months of age. Ingenuity pathway analysis
(IPA) of transcriptome data from ileum and colon tissue was used to identify
significant pathways responsible for gender differences in the mucosal barrier
and to identify mucosal genes showing sexually dimorphic expression. IPA was
used to correlate sexually dimorphic genes with biological function and disease
networks. Faecal microbiota were compared to determine the effects of age and
gender and correlated to differences in transcriptomic data from the intestine.
Results: Mucus thickness in the colon was significantly reduced in 19 month-old
mice. Sexually dimorphic effects were observed on colon mucus thickness but
only in aged mice. Old and ovariectomized females showed a significantly thicker
inner layer of mucus than old males, despite having similar amounts of Muc2
transcripts. Gender differences were also observed in the staining intensity of the
Paneth cell marker lysozyme suggesting increased production of antimicrobial
factors in females. In the ileum, the main pathways significantly down-regulated
in males were related to immunity but in females and ovariectomized females
these same pathways were strongly up-regulated. Microbiomic data show a
significant decrease in F. prauznitzii in ovariectomized female mice, whereas the
same bacteria are increased in male and female mice.

Conclusion: The deterioration of the colon mucus thickness in aged mice is more
pronounced in males than females and ovariectomized females. Nevertheless, all
aged mice failed to compartmentalise the microbiota to the lumen, and bacteria
were seen in contact with epithelium. Genes displaying sexually dimorphic gene
expression in both the small and large intestine are correlated with disease
development and cellular processes associated with epithelial turnover.

98

Sexually dimorphic characteristics of the small and large intestine of ageing mice

Introduction
Increasing evidence from studies in humans suggests increased incidence of IBD and
worse severity of disease in women than men, although not all studies were consistent 259.
Some studies fail to demonstrate a relationship between gender and disease severity, but
note that age is reciprocally related to disease severity 260 261. Others have identified female
IBD patients as having a lower rate of remission and less immunosuppressive medications
than males 262. However, recently, large epidemiological studies have suggested that
oestrogens promote the development of ulcerative colitis (UC) 263 264.

Several studies using mouse knockout models have shown that defects in the pathways
maintaining epithelial integrity and the mucus barrier lead to loss of homeostasis in
the colon, barrier destruction and colitis triggered by bacterial antigens and microbeassociated molecular patterns 265 266 267 268 121. Increased mucosal permeability and loss
of epithelial integrity is recognized to play a role in the pathophysiology of a variety of
gastrointestinal related disorders including mucosal infections, celiac disease, postinfectious irritable bowel syndrome (IBS), metabolic syndrome, food allergy and
inflammatory bowel disease (IBD) 269. Life stress and gastrointestinal infections represent
the greatest risk factors for the development of IBS 270 271, and women are more likely
to initiate IBS-like symptoms following an episode of infectious gastroenteritis 272 273.
Differences in immune cell infiltration of the colonic mucosa such as mast cells have been
shown to correlate with symptomatic differences between the sexes in IBS.

In mice the gut barrier has been shown to deteriorate with age (Chapter 4). The thickness
and stability as well as the viscoelastic properties of intestinal mucus are crucial for
maintaining homeostasis 1 274, as evidenced by the fact that Muc2-/- mice lacking the major
secreted mucus develop colitis by around 5 weeks of age (Chapter 3) 121. Decreased mucus
production and increased permeability as well as reduced production of antimicrobials
including Paneth cell factors play a role in perpetuating IBD and have been well described
in human IBD patients and in experimental models of colitis 275 276 277. Oestrogen has been
shown to increase mucus content of cervical mucus and increase viscosity-related barrier
protection 274. Sheth et al. demonstrated that there was preservation of the intestinal
mucus layer in females and postulated that this may have a protective effect against
shock-induced gut injury and subsequent remote organ injury 278 173 174.

Studies in female rats indicated that ovariectomy is associated with a shortened life span
183
, and that the pathological deficiency or loss of ovarian function is associated with
the derangement of energy metabolism and immune function (rodents and humans)
184
. In addition, menopause is associated with metabolic dysfunction 184 and pathologies
involving inflammation (e.g., osteoporosis and metabolic disorders, including diabetes,
atherosclerosis, joint diseases, and neurodegeneration) 186 187.
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Increased knowledge on these mechanisms might contribute significantly to disease
prevention and treatment, for instance by optimizing dietary recommendations
and pharmacological protocols in a gender-specific way. The results of these studies
raise the possibility that gender differences in mucus barrier might influence disease
susceptibility. Thus the main goal of this study was to investigate gender differences
in intestinal physiology by examining mucus thickness and distribution as well as
Paneth cell production of antimicrobial factors in young mice (2.5 month-old) and
old (19 month) mice. Additionally, a group of mice ovariectomised at 15 months were
included in the study to mimic the effects of menopause in humans. Microbiota were
compared across groups to determine whether there was an effect of age and gender
and correlated to differences in transcriptomic data from the intestine to identify the
principal pathways responsible for gender differences in the gut barrier.

Materials and Methods
Animals

C57BL/6 mice (Harlan Laboratories, the Netherlands) were housed in a specific
pathogen-free (SPF) environment in individual ventilated cages with ad libitum
access to D12450B diet (10% fat) (Research Diet Services B.V., Wijk bij Duurstede, the
Netherlands), and acidified tap water in a 12-hour light/dark cycle. The University
Medical Center of Groningen (UMCG) Animal Ethics Committee (Groningen, the
Netherlands) approved the animal experiments.
Experimental set up

Groups of 8 weeks-old male and female littermates were housed in groups of 5 mice
according to gender in individual ventilated cages, and sacrificed at 8 weeks and 19
months of age. Half of the female mice were ovariectomized at 15 months to mimic
menopause. During the ovariectomy procedure, the mice were anesthetized with
isoflurane and oxygen and two small incisions were made on both ventral sides. Both
ovaries were localized, ligated and removed. After surgery the mice received palliative
medicine (Temgesic). At 8 weeks and 19 months of age ileal and colonic tissues were
fixed in Carnoy’s fixative and embedded in paraffin. Additionally, segments of ileum and
colon were frozen in liquid nitrogen and stored at -80°C for RNA and protein assays.
Faeces were collected at 2.5, 8, 13, 15 and 19 months (sacrifice) and stored at -80°C.
Histology

Paraffin sections (5 µm) of ileum and colon were made with a microtome Microm
HM350, (Thermo scientific) and attached to poly-L-lysine-coated glass slides (Thermo
scientific). After overnight incubation at 37˚C, slides were deparaffinised and hydrated
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step-wise using 100% xylene followed by several solutions of distilled water containing
decreasing amounts of ethanol. Sections were stained with hematoxylin and eosin
(H&E) and Period Acid Schiff (PAS)/Alcian blue 194. Mucus layer thickness was measured
(10 measurements per section / 2 sections per animal / 5 animals per condition) using
Image J software (NIH, Maryland, USA).
Immunohistochemistry

Paraffin sections (5 µm) were deparaffinised and rehydrated, and antigen retrieval
was performed by heating the sections for 20 min in 0.01 M sodium citrate (pH 6.0) at
100˚C. Sections were washed for 3 h with 3 changes of Tris-Buffered Saline (TBS). Nonspecific binding was reduced using 10% (v/v) goat serum (Invitrogen, Life technologies
Ltd, Paisley, UK) in TBS for 30 min at room temperature. CD3+ T cells were detected
by incubating the sections with anti-CD3 antibody (Invitrogen) diluted 1:100 in TrisBuffered Saline (TBS), overnight at 4°C. Leukocytes were detected by incubating the
sections with anti-CD45 antibody diluted 1:100 in TBS, overnight at 4°C. Paneth cells
were identified by staining for the lysozyme expression, detected by incubating the
sections with anti-lysozyme antibody (Invitrogen) diluted 1:100 in TBS, overnight at
4°C, and goat-anti-rabbit secondary antibody (1:1000). Muc2 was detected by staining
the sections with anti-Muc2 antibody (kindly gifted by Dr. Gunnar Hansson, Gothenburg
University, Sweden) diluted 1:500 in TBS, and goat-anti-rabbit Alexa 488 conjugated
antibody (1:1000) (Molecular Probes, Life Technologies Ltd, Paisley, UK) in TBS.
Detection of bacteria using fluorescence in situ hybridization (FISH)

Paraffin sections (5 µm) were deparaffinised with xylene and rehydrated in a series
of ethanol solutions to 100% ethanol. The tissue sections were incubated with the
universal bacterial probe EUB338 (5’-GCTGCCTCCCGTAGGAGT-3’) (Isogen Bioscience
BV, De Meern, the Netherlands) conjugated to Alexa Fluor488. A ‘non-sense’ probe
(5’-CGACGGAGGGCATCCTCA-3’) conjugated to Cy3, was used as a negative control.
Tissue sections were incubated overnight with 0.5 μg of probe in 50 μL of hybridization
solution (20 mmol/L Tris-HCl (pH 7.4), 0.9 mol/L NaCl, 0.1% (w/v) SDS) at 50°C in a
humid environment using a coverslip to prevent drying of the sample. The sections were
washed with (20 mmol/L Tris-HCl (pH 7.4), 0.9 mol/L NaCl) at 50°C for 20 min and then
washed 2 times in PBS for 10 min in the dark and incubated with DRAQ5 (Invitrogen)
(1:1000) for 1 h at 4°C to stain nuclei. Sections were washed 2 times in PBS for 10 min,
mounted in Fluoromount G (SouthernBiotec, Alabama, USA) and stored at 4°C.
Transcriptome analysis

Total RNA was isolated using the RNeasy® kit (Qiagen) with a DNase digestion step
according to the manufacturer’s protocol. Quantity and quality of colonic and ileal RNA
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(5 arrays of individual mice per group) was assessed using spectrophotometry (ND1000, NanoDrop Technologies, Wilmington, NC, USA), and Bionanalyzer 2100 (Agilent,
Santa Clara, CA, USA), respectively. RNA was only used to generate cDNA and perform
microarray hybridisation when there was no evidence of RNA degradation (RNA Integrity
Number > 8). 100 ng of total RNA was labelled using the Ambion WT Expression kit
(Life Technologies Ltd, Paisley, UK) together with the Affymetrix GeneChip WT Terminal
Labelling kit (Affymetrix, Santa Clara, CA, USA). Labelled samples were hybridised to
Affymetrix GeneChip Mouse Gene 1.1 ST arrays. Hybridisation, washing, and scanning
of the array plates were performed on an Affymetrix GeneTitan Instrument, according
to the manufacturer’s recommendations.

Quality control of the datasets obtained from the scanned Affymetrix arrays was
performed using Bioconductor 195 packages integrated in an on-line pipeline 196. Probe
sets were redefined according to Dai et al. 197 utilising current genome information. In
this study, probes were reorganised based on the Entrez Gene database (remapped CDF
v14.1.1). Normalised expression estimates were obtained from the raw intensity values
using the Robust Multiarray Analysis (RMA) pre-processing algorithm available in the
Bioconductor library affyPLM using default settings 198.

Differentially expressed probe sets were identified using linear models, applying
moderated t-statistics that implemented empirical Bayes regularization of standard
errors 199. A Bayesian hierarchical model was used to define an intensity-based
moderated T-statistic (IBMT), which takes into account the degree of independence
of variances relative to the degree of identity and the relationship between variance
and signal intensity 200. Only probe sets with a fold-change of at least 1.2 (up/down)
and p value < 0.05 were considered to be significantly different. Biological interaction
networks among regulated genes activated in response to ageing were identified using
Ingenuity Pathways Analysis (IPA) (Ingenuity System). IPA utilizes a large expert-curated
repository of molecule interactions, regulatory events, gene-to-phenotype associations,
and chemical knowledge, mainly obtained from peer-reviewed scientific publications,
that provides the building blocks for network construction. IPA annotations follow the
GO annotation principle, but are based on a knowledge base of > 1,000,000 proteinprotein interactions. The IPA output signalling pathways with statistical assessment of
the significance of their representation based on Fisher’s Exact Test. Our IPA analyses
included comparison of differentially regulated genes in the ileum and colon of old
males, old females, and old ovariectomized females compared to young mice. The input
was all differentially regulated genes (p value < 0.05, fold-change > 1.2 and intensity >
20) of ileum and colon.
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Bacterial DNA extraction and microbiota profiling
The DNA from the ileal content and faeces was extracted using PowerSoil® DNA
extraction kit (MO BIO Laboratories, Carlsbad, CA, USA). Microbiota composition
was analysed by Mouse Intestinal Tract Chip (MITChip), a diagnostic 16S rRNA array
that consists of 3,580 unique probes especially designed to profile mouse intestine
microbiota 203. 16S rRNA gene amplification, in vitro transcription and labelling, and
hybridization were carried out as described previously 204. The data were normalized
and analysed using a set of R-based scripts in combination with a custom-designed
relational database, which operates under the MySQL database management system.
For the microbial profiling the Robust Probabilistic Averaging (RPA) signal intensities
of 2,667 specific probes for the 94 genus-level bacterial groups detected on the MITChip
were used 205. Diversity calculations were performed using a microbiome R-script
package (https://github.com/microbiome). Multivariate statistics, redundancy
analysis (RDA) and Principal Response Curves (PRC), were performed in Canoco 5.0,
and visualized in triplots or a PRC plot 206.

Results

Gender differences influence intestinal morphology
Young males and females showed no differences in intestinal morphology (not shown).
Therefore, the genders were considered as one group, and all comparisons between old
mice were compared to the pooled group of young mice. Lymphoid structures, identified
as solitary intestinal lymphoid tissue (SILT) 252 containing mainly B220 positive B-cells
were evident in the colon of 19 month-old male, female and ovariecomized female mice
but not young mice (Fig. 1).
The ileum of old male, female and ovariectomized mice showed no signs of mucosal
changes, other than that the villi were significantly (p<0.001) longer compared to
young mice (Fig. 2A-B). The villi of ovariectomized females were significantly shorter
than in 19 months-old male and females (p<0.05), but still longer than in young mice
(non-significant) (Fig. 2C).

Fewer Paneth cells were present in ileum of old females and ovariectomized females
than younger counterparts and histochemical staining for lysozyme was less intense
than in young controls and old males (Fig. 3). Old male mice showed less lysozyme
positive cells and these were confined to the bottom of the crypts, as compared with
young males (Fig. 3).
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Figure 1: Representative pictures of H&E staining of colon of old (19 month-old) male, old female and
ovariectomized (ova) female mice (A). Representative pictures of Solitary Intestinal Lymphoid Tissue (SILT)
stained with H&E (B) and anti-CD45 antibodies (C) in old male, old female and ovariectomized mice (SILT,
indicated by arrows). Scale bars: 100 and 200 μm.

A

C

B

Figure 2: Representative pictures of H&E staining of ileum of young (8 week-old) and old (19 month-old)
male mice (A), young, old female and ovariectomized (ova) female (B). Villus length measured on 10 welloriented villi (5 mice per group). Pooled villus length measurements are presented in panel C. Scale bars:
100 μm.
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Figure 3: Representative immune histochemistry of lysozyme in ileal tissues from young mice (2.5 months),
old male, female and ovariectomized female mice (19 months). Paneth cells are indicated with arrows. Scale
bars: 50 μm.

Sexually dimorphic effects on mucus thickness in aged mice

Alcian blue staining was used to identify acidic carbohydrates such as Muc2, and PAS for
neutral carbohydrates, both of which occur on the Muc2 glycoprotein. Young male and
female mice showed similar mucus layer morphology; therefore only one representative
image is shown for young mice (Fig. 4A).

Old male mice showed a thinner (approx. 5 µm) secreted firm mucus layer than young
mice (20-25 μm), and in some tissue sections it was even absent (Fig. 4A and B). A thicker
mucus layer was present in the colon of old ovariectomized female mice compared to
old male mice, but it was still thinner compared to young female mice (Fig. 4). FISH
detection of bacteria revealed that the colonic mucus layer of old male mice failed to
prevent contact of the epithelium with intestinal microbiota (Fig. 4B). Despite having a
thicker mucus layer than the males, old females and ovariectomized females also failed
to effectively compartmentalise the microbiota to the lumen (Fig. 4C).

Gender differences in intestinal tissue transcriptomes are evident in young mice
and increase with age
A transcriptomics approach was used to gain more insight into the potential pathways
or mechanisms that might be modulated by gender differences. A cut-off for foldchanges in relative expression value > 1.2, p-value < 0.05 and a signal intensity > 20
were applied in all comparisons. A total of 859 genes in the ileum and 455 in the colon
were differentially expressed in young males compared to young females.
Numerous genes (about 300 up- and down-regulated in both ileum and colon) were
differentially expressed in old male, female and ovariectomized female compared
to their young counterparts. IPA comparisons of the significantly affected pathways
in the ileum, revealed that in males differentially expressed genes participating in
pathways related to immunity and were significantly down-regulated compared to their
counterparts (Fig. 5A). In contrast, immunity pathways were significantly upregulated
in the ileum of old female and old ovariectomized females compared to young females.
In the colon, the majority of the significantly regulated pathways were down-regulated
in both old male, female and ovariectomized females compared to young mice. These
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Figure 4: Representative pictures of PAS/Alcian Blue staining of colon of young (8 week-old) mice, old (19 month-old)
male, old female and ovariectomized female (A). Scale bars: 100 μm. Muc2 staining (green) of colon of young mice, old male,
female and ovariectomized female mice (B). Scale bars: 50μm. FISH analysis of the colon of young mice, old male, old female
and ovariectomized female mice, using the general bacterial probe EUB338-Alexa Fluor 488 (green), and nuclear staining
DRAQ5 (blue). The apical membranes of the epithelial cells are indicated by a dashed white line (C). Arrow represents the gap
between bacteria and epithelium in young healthy colon. Scale bars: 50 μm. Mucus thickness measured in PAS/Alcian Blue
stained sections (10 measurements per section, 2 sections per animal) in 5 colonic tissues of young and old mice, respectively.
Pooled mucus measurements are presented in panel D. *** indicates statistical difference at p<0.001.
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pathways were related to lipid metabolism (PPARγ signalling, inhibition of RXR
function), immunity (signalling of T helper cells, CD40 signalling) and were mainly
down regulated. Pathways related to oxidative stress were mainly up-regulated in old
male and female mice but not in ovariectomized female mice compared to young mice
(Fig. 5B).
Genes displaying sexually dimorphic gene expression in the small and large
intestine are correlated with cellular functions linked to cell cycle, cell
development and turnover and disease development.
Ingenuity pathway analysis (IPA) was applied to identify the top biological functionality
and disease as well as the functional networks of the sexually dimorphic genes. By
analysing the physiological (‘Bio’) functions in detail, IPA revealed that genes displaying
sexually dimorphic expression in small intestine and colon represented various general
cellular function including cellular development, and cell death (Tables 1 and 2).
Table 1: Top ‘Bio’ functions and ‘diseases and disorder’ linked to the sexually dimorphic genes in the small
intestine, according to IPA. Comparisons where made between old male (MO) and old female (FO) and
ovariectomized female (FO(ova)) mice.
Sex dimorphism

Diseases and disorder

MO vs. FO

MO vs. FO(ova)

FO vs. FO(ova)

P value

Molecules

Dermatological Diseases and Conditions

2.06E-02 –4.04E-06

21

Developmental Disorder

2.06E-02 –4.04E-06

50

Hereditary Disorder

2.06E-02 –4.75E-06

30

Metabolic Disease

1.87E-02 –4.75E-06

15

Inflammatory Response

2.06E-02 –5.13E-05

67

Connective Tissue Disorders

9.65E-03 –5.08E-07

44

Inflammatory Disease

9.65E-03 –5.08E-07

45

Skeletal and Muscular Disorders

9.65E-03 –5.08E-07

47

Immunological Disease

9.65E-03 –2.57E-06

47

Cancer

9.65E-03 –2.64E-07

54

Neurological Disease

1.64E-02 –3.30E-06

36

Metabolic Disease

1.64E-02 –1.07E-05

25

Cardiovascular Disease

1.43E-02 –1.18E-05

26

Inflammatory Disease

1.64E-02 –1.18E-05

30

Organismal Injury and Abnormalities

1.64E-02 –1.18E-05

56
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Bio Functions

MO vs. FO

MO vs. FO(ova)

FO vs. FO(ova)

P value

Molecules

Cellular Development

2.31E-02 –1.28E-05

121

Cell-to-Cell Signalling and Interaction

2.31E-02 –1.18E-04

61

Cellular Assembly and Organization

2.31E-02 –2.05E-04

22

DNA Replication, Recombination and Repair

2.31E-02 –2.05E-05

14

Cell Death and Survival

2.31E-02 –2.05E-05

132

Cellular Development

9.65E-03 –9.27E-05

61

Cellular Growth and Proliferation

9.65E-03 –9.27E-05

65

Cell Morphology

9.65E-03 –1.28E-04

20

Cell-To-Cell Signalling and Interaction

9.65E-03 –1.86E-04

35

Cellular Movement

9.65E-03 –2.07E-04

40

Cell-To-Cell Signalling and Interaction

1.64E-02 –1.58E-09

77

Lipid Metabolism

1.64E-02 –2.35E-05

32

Small Molecule Biochemistry

1.64E-02 –2.35E-05

38

Molecular Transport

1.64E-02 –5.71E-05

37

Cell Death and Survival

1.60E-02 –6.70E-05

55

Regarding disease development, IPA revealed that in the small intestine and colon,
genes displaying sexually dimorphic expression were mainly involved in metabolic
diseases, inflammation and cancer (Tables 1 and 2).
Table 2: Top ‘Bio’ functions and ‘diseases and disorder’ linked to the sexually dimorphic genes in the colon,
according to IPA. Comparisons where made between old male (MO) and old female (FO) and ovariectomized
female (FO(ova)) mice.
Sex dimorphism

Diseases and disorder

MO vs. FO

MO vs. FO(ova)
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P value

Molecules

Cancer

2.06E-02 – 4.04E-06

35

Tumor Morphology

2.06E-02 – 4.04E-06

11

Organismal Injury and Abnormalities

2.06E-02 – 4.75E-06

39

Renal Urological Disease

1.87E-02 – 4.75E-06

10

Metabolic Disease

2.06E-02 – 5.13E-05

5

Neurological Disease

1.44E-02 – 7.68E-07

44

Organismal Injury and Abnormalities

1.45E-02 – 1.76E-05
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FO vs. FO(ova)

Reproductive System Disease

1.38E-02 – 1.76E-05

102

Cancer

1.51E-02 – 3.33E-05

161

Tumor Morphology

1.23E-02 – 3.77E-05

11

Cancer

4.75E-02 – 3.04E-03

12

Connective Tissue Disorder

4.75E-02 – 3.04E-03

4

Dermatological Diseases and Conditions

4.69E-02 – 3.04E-03

10

Developmental Disorders

4.75E-02 – 3.04E-03

10

Endocrine System Disorder

3.88E-02 – 3.04E-03

5

P value

Molecules

Sex dimorphism

Bio Functions

MO vs. FO

Cell Death and Survival

2.06E-02 –4.04E-06

51

Cellular Assembly and Organization

1.38E-02 –4.75E-05

10

Cellular Compromise

1.38E-02 –4.75E-05

11

Molecular Transport

1.60E-02 -4.75E-05

18

Small Molecule Biochemistry

1.60E-02 -4.75E-05

20

Cellular Development

1.29E-02 –1.81E-06

78

Cellular Growth and Proliferation

1.29E-02 –3.54E-05

77

Cell Death and Survival

1.47E-02 –4.99E-06

69

Gene Expression

1.05E-02 –2.12E-06

53

Cellular Movement

1.42E-02 –3.03E-06

52

Cell-to-Cell Signalling and Interaction

4.97E-02 –1.85E-05

27

Cell Morphology

4.19E-02 –2.76E-03

9

Carbohydrate Metabolism

3.44E-02 –3.04E-03

4

Cell Cycle

4.75E-02 –1.04E-03

5

Cellular Assembly and Organization

4.97E-02 –3.04E-03

11

MO vs. FO(ova)

FO vs. FO(ova)
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Figure 5: Heat maps of differentially expressed pathways in proximal
colon (A) and ileum (B), using genes differentially expressed in male old
(MO) versus male young (MY) mice, female old (FO) versus female young
(FY) and ovariectomized female (FO(ova)) versus female young (FY). In
red, genes are represented, which are up-regulated and in blue the genes
that are down-regulated. The intensity of the colour is proportional to
change in expression.
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Gender differences affect microbiota composition, diversity, and richness in the gut
16S ribosomal RNA (rRNA) gene derived microbiota profiles were obtained from faeces
of 2.5, 8, 13, 15, and 19 months-old male and female mice. In male mice, the microbial
diversity and richness of microbiota significantly increased with age reaching a plateau at
15 months. The same trend was seen in faecal microbiota of female mice although diversity
and richness scores were significantly lower at 19 months than 15 months (Fig. 6).

Diversity

A

B

Richness

5
Figure 6: Box-and-whiskers-plot
showing the diversity (Shannon index)
of microbiota in faeces of 2 months, 8
months, 13 months, 15 months, and
19 months of age in male, female and
ovariectomized female (A). Box-andwhiskers-plot showing the richness
of microbiota in colon of 2 months,
8 months, 13 months, 15 months,
and 19 months of age in male, female
and ovariectomized female (B).
Statistically significant differences
among groups and time points were
indicated (*, p<0.05 ; **, p<0.01).

Furthermore, redundancy analysis (RDA) established that in male, female, and
ovariectomized females, the microbiota composition could be discriminated on the
basis of age. At 19 months RDA analysis showed that the microbiota composition of
male, female and ovariectomized was clearly distinct compared to 2 months-old mice
(Fig. 7).
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Figure 7: Redundancy Analysis (RDA)
representing microbial ecology of old
male, old female and old ovariectomized
female of 2.5, 8, 13, 15 and 19 months in
the faeces.

The differences in colonic microbiota composition of males and ovariectomized females
were largest compared to females (Fig. 8).

In females, the microbiota composition was significantly different to males, especially
at 2, 13, and 19 months of age. The variability of 19 month-old female microbiota could
be explained by the increased abundance of bacterial taxons compared to males or
ovariectomized females (Fig. 8).
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Figure 8: Heat maps of bacteria significantly present in male, female, and ovariectomized female mice, at 2
and 19 months of age. In red, bacteria are represented, which are significantly more present, and in blue the
bacteria that are significantly less present in faeces of the respective mice at the given age. The intensity of the
colour is proportional to change.

Specific bacterial clusters correlate with gender-specific expression of genes
participating in immune pathways
To identify bacteria that might be correlated with gender differences in colon gene
expression, microbiota, and transcriptomics data from male, female, and ovariectomized
females at age of 19 months were combined for individual mice to investigate direct
correlations between gene expression and microbiota composition in these samples.
Three bacterial clusters strongly correlated positively (red) or negatively (blue) with six
clusters of genes (about 100 genes per cluster; Fig. 9).

Strongest correlations between microbiota members (cluster B (orange) in the
vertical bar) and specific changes in mucosal gene expression (gene clusters 1 and 4 in
horizontal bar) were detected for the bacteria in cluster B (Fig. 9). These bacteria had
higher relative abundances in the female mice compared to male and ovariectomized
female and displayed a positive correlation with immune response (Supplementary
data; Tables S1 and S2). Gene cluster 4 displayed positive correlations with bacterial
cluster B. Genes belonging to Gene Ontology (GO) terms such as “positive regulation of
defence response”, “defence response to other organisms”, “activation of innate immune
responses” were strongly altered in gene cluster 4 (Supplementary data; Tables S1 and
S2).
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Figure 9: Heat-map of correlation analysis of MITChip (vertical) and transcriptome (horizontal) datasets
of male, female, and ovariectomized female mice at 19 months of age. The integration of datasets was done
per individual mouse (5 mice per group) and gives the direct correlations between gene expression and
microbiota composition over these samples. In deep red, the cluster of genes that most positively correlated
with a respective group of bacteria. In deep blue, the cluster of genes that most negatively correlated with a
respective group of bacteria. Framed in black; the clusters discussed in more detail in the text. Six main gene
clusters (1-6) and 3 main bacterial clusters (A-C) were identified.

Discussion
Several gut-related disorders are associated with an increased intestinal permeability
269
and in IBD reduced production of mucus and antimicrobial production potentiate
inflammatory responses to the resident microbiota. Here we showed sexual dimorphic
effects on the thickness of the firm mucus layer in the colon but only in old (19
month) mice. Male mice showed a significant shrinkage of the colonic mucus layer,
associated with bacterial penetration and direct contact with the epithelium. Female
and ovariectomized female mice had a significant thicker mucus layer than males,
but the barrier was nevertheless ineffective at preventing contact of bacteria with the
epithelium.
Publications describing the effects of gender or oestrogens in the mouse DSS model
of acute inflammatory colitis are inconsistent with each other. For example, one study
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showed that males were more susceptible to colitis with increased colon shortening,
worse stool score, more profound histological injury, and higher levels of TNF-α in
colon homogenates 279 than females. Moreover, in the same study, administration
of 17-β-estradiol in ovarectomized mice attenuated histological injury and stool
score, partly explaining why female mice are protected from DSS colitis 279. This is in
disagreement with evidence that human IBD is of worse severity in females. However,
other studies in the mouse DSS model reported a deleterious influence of oestrogen in
the treatment of colitis 280 and a exacerbation of some disease clinical parameters by
oestrogens 281.

Studies in the mouse 2,4,6 Trinitrobenzenesulfonic acid model of Th1-mediated colitis
are not consistent with the opinion that human IBD is of higher severity in females.
In this mouse model, oestrogen was protective, reducing inflammation and production
of proinflammatory cytokines such as macrophage migration inhibitory factor (MIF)
and IL-1β in mucosal tissue 282. In the same publication, oestrogen was shown to lower
disease activity and down-regulate MIF protein content in the DSS colitis rat model.
Moreover, the lower susceptibility of females to colitis was confirmed in acid acetic and
dinitrobenzene sulfonic acid (DNBS)-induced inflammation 283 280, and the HLA-B27
transgenic rat model 284.
Oestrogen has previously been shown to increase mucus content of cervical mucus and
increase viscosity-related barrier protection 274 suggesting that a similar mechanism
may explain the increased mucus thickness in colon in female mice. However this does
not explain why mice ovariectomised at 15 months have a thicker mucus layer than the
males, unless the effects of reduced oestrogen are indirect and take several months to
have an effect on mucus thickness. Previously, intestinal HT29-MTX cells exposed to
oestrogen for 3 days were shown to produce increased amounts of the membrane-bound
mucin 1 (MUC1) and to be protected against oxidant injury 285. In our study, Muc1 gene
was strongly down-regulated in old male and old ovariectomized females compared
to their corresponding young gender. However, in female mice Muc1 expression was
not changed over time supporting the evidence for regulation of MUC1 by oestrogen.
The relevance of this finding to the secreted MUC2 mucus layer is however unclear,
especially as MUC2 was not among the genes showing sexually dimorphic expression
in our study. This may be due to the fact that mucus is highly glycosylated in the Golgi
apparatus and its secretion and proper assembly in the lumen may be influenced by
several factors including epithelial stress and the cytokine milieu. In the small intestine
changes in mucus production were not apparent but we observed increased length of
the villi in old mice. This has been previously reported in Muc2-/- mice and is associated
with upregulation of the IL-22 dependent network of genes involved in epithelial
proliferation and barrier defence (Chapter 2) 251.
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In the intestine, Paneth cells are the main source of antimicrobial peptides 286 287 288.
Paneth cells are located primarily in the small intestine, where they secrete mediators
of host defence that protect against enteric bacterial pathogens 289 290. When functioning
optimally, Paneth cells contribute to homeostasis. However, Paneth cell dysfunction
may predispose to intestinal inflammation. Humans with Crohn’s disease of the ileum
have a reduced production of Paneth cell antimicrobial peptides that is independent
of the degree of intestinal inflammation 291. In ageing mice, Paneth cells activity was
significantly decreased compared to young mice. The decrease was more decreased in
females and ovariectomized females compared to males.

To shed light on the pathways that might be linked to these sexually dimorphic changes
in intestinal barrier functions we compared transcriptomes of the ileum and colon
mucosal tissue of male, female and ovariectomized female of 10 week and 19 month-old
mice. Relatively few genes were differentially expressed in young mice (2.5 month old),
which is compatible with a previous study of mucosal gene expression in prepubescent
2 weeks-old mouse pups 292. Sexually dimorphic gene expression in the ileum of old mice
was linked to pathways involved in immune activation and was increased in female and
ovarectomized female mice compared to male mice. This is consistent with mucosal
gene expression studies performed on human small intestinal biopsies and several
studies on the effects of gender on immune cell function 174 292. This higher baseline level
of immune activation in the intestine of females compared to their male counterparts
may predispose them to inflammation-associated diseases. Despite the role of NF-κB
activation in triggering inflammatory responses TLR activation by commensal bacteria
was previously shown to play a crucial role in the recovery from epithelial damage
induced by DSS 293. Similarly mice with a knockout of NEMO (ikappa kinase gamma),
an activator of NF-kB, develop spontaneous colitis due to the role of NF-kB in inducing
epithelial repair and innate effector mechanisms in the intestine 294 295 296. Furthermore,
TLR signalling, and in particular TLR-2 signalling and PKCα and PKCδ activation has
also been implicated in tight junction function modulation, and epithelial permeability
297
. Thus the reduced expression of immune gene pathways in old male mice compared
to old female mice may be linked to their increased susceptibility to colitis.

In the colon of 19 month-old mice, pathways significantly down-regulated in old mice
compared to young mice were associated with decreased peroxisome proliferator–
activated receptor γ (PPARγ) signalling and inhibition of retinoid X receptor (RXR)
function. Ligand activation of PPARγ and its heterodimeric partner, RXR has been
reported to protect against colitis 298. Moreover knockouts of these receptors leads to
increased susceptibility to colitis 298. Thus the decreased activity of these pathways
might be linked to intestinal disease susceptibility in old mice.
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Further analysis of transcriptome linked genes displaying sexually dimorphic gene
expression in the small and large intestine showed that these were correlated
with biological functions linked to cell cycle, cell death and cell development. These
transcript differences could be reflective of increased proliferative/regenerative gut
microenvironment in females presumably due to higher epithelial turnover. Additionally,
the genes displaying sexually dimorphic expression were involved in metabolic diseases,
inflammation and cancer in both females and males (Tables 1 and 2).

Many studies have shown an impact of the microbiota composition on host physiology
and disease but there are few studies on gender differences in microbiota 292. Here we
identified microbiota differences between mouse gender, which increased with age.
In our study, microbial diversity and richness increased over time, reaching a plateau
around 12 months. At 19 months, only female mice showed a decrease in diversity
and richness, which was also observed in human centenarians. The core microbiota of
elderly subjects was also shown to be distinct from that of young adults, with reduced
diversity, a greater proportion of Bacteroides spp. And distinct abundance patterns of
Clostridium group 159 160. However, others have reported that changes in the microbiota
are seen only in centenarians with increased inflammatory cytokine responses, but not
in the general elderly population (average age 70 ± 3 years) 161.

To identify bacteria that might be correlated with changes in colon gene expression
we used the linear multivariate method partial least squares (PLS) method 232 for
each time point, as previously described 233. We found that uncultured Clostridiales
and Lachnospira pectinoschiza et rel. had higher relative abundances in old male
mice of 15 and 19 months of age compared to young mice and displayed a positive
correlation with immune response genes. A positive correlation was also found with
stress response genes involved in apoptosis and cell proliferation, as well as immune
genes. Akkermancia municiphilia was also strongly decreased with ageing. Akkermansia
muciniphila is a Gram-negative bacterium, which in mice is the only species belonging
to the phylum Verrucomicrobia 255. It interacts via its mucin-degrading capabilities with
enteroendocrine cells to modulate gut barrier function, and it is capable of producing
certain short chain fatty acids (SCFAs) with a direct action on the G-protein receptor
43 (GPR43) 221. It has been shown that induction of IBD in mice with DSS reduces
the number of extracellular vesicles derived from A. muciniphila, and feeding DSStreated mice such vesicles reduces the severity of colitis 256, which correlates well with
observations in humans 257. As a consequence, the presence of less Akkermansia in old
mice is a sign of homeostatic impairment of the intestine.
The bacteria significantly increased in males and females were strongly reduced
in ovariectomized females. It has been described that specific bacterial groups as
Bifidobacterium, Lactobacillus or Faecalibacterium, could modulate the inflammatory
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response at the level of the gut epithelium 299 38 300. Faecalibacterium prausnitzii strains
have been shown to have anti-inflammatory activities in mice, capable of attenuating
colitis and their increased abundance in females might be related to the gender
differences observed in this study 300 38.

Conclusions

In old mice, females have a thicker firm mucus layer in the colon than males, suggesting
males may be more susceptible to colitis than females. Although, the differences in
mucus were not seen in young mice (10 weeks) this finding is consistent with most of
the studies on the effects of gender on colitis in mouse models. However, the colonic
mucus layer in old females and males (19 months), as well as ovariectomised mice was
equally permeable to bacteria, suggesting that an enhanced barrier effect is not linked
to the reduced severity of experimental colitis in female mice. The increased immune
activity in females might positively affect mucus production and therefore explain the
gender differences observed in mucus thickness. Changes in microbiota composition
and diversity are comparable with other studies performed in humans.
In summary, we showed that sexual dimorphism in relation to ageing of intestine
induces barrier impairment, particularly mucus layer shrinkage associated with
reduction of innate and adaptive immune system effectors that are secreted into the
intestinal lumen, associated with increased oxidative stress. Knowledge of sexually
dimorphic effects in intestinal function are important for future strategies aimed at
designing disease prevention and treatment strategies for men and women.
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Supplementary data
Table S1: Gene ontology terms from the gene cluster 4 correlated with microbiota cluster B as shown in
figure 9. Immune pathways are in bold.
GO Terms

P-value

Z-score Genes

positive regulation of organic acid transport
(GO:0032892)

0.005024 -2.78571 GRIK1;TNFRSF11A

regulation of glutamate receptor signalling pathway
(GO:1900449)

0.008149 -2.76244 NETO2;CACNG2

membrane hyperpolarization (GO:0060081)

0.005846 -2.75932 GRIK1;CACNG2

positive regulation of ERBB signalling pathway
(GO:1901186)

0.00426 -2.67984 EPGN;NUP62

negative regulation of epidermal growth factor
receptor signalling pathway (GO:0045742)

0.0039

-2.67324 EPGN;NUP62

mitotic nuclear envelope disassembly (GO:0007077)

0.011945 -2.46638 NUP214;NUP62

nuclear envelope disassembly (GO:0051081)

0.013147 -2.46484 NUP214;NUP62

membrane disassembly (GO:0030397)

0.013147 -2.45901 NUP214;NUP62

response to other organism (GO:0051707)

0.014351 -2.37508 IFITM3;FAM111A;CLEC7A;COTL1;IKBK
G;HIST2H2BE

positive regulation of defense response
(GO:0031349)

0.029868 -2.35056 CLEC7A;RFTN1;TNFRSF11A;IKBKG

defense response to other organism (GO:0098542)

0.013543 -2.33801 IFITM3;FAM111A;CLEC7A;COTL1;HI
ST2H2BE

positive regulation of secretion (GO:0051047)

0.030211 -2.33145 TWIST1;STXBP5;GRIK1;TNFRSF11A

positive regulation of epithelial cell proliferation
(GO:0050679)

0.024713 -2.32053 EPGN;KDR;TWIST1

carbohydrate derivative transport (GO:1901264)

0.015701 -2.30879 GLTPD2;SLC29A1

negative regulation of viral genome replication
(GO:0045071)

0.013767 -2.30868 IFITM3;FAM111A

regulation of MAP kinase activity (GO:0043405)

0.030211 -2.30683 EPGN;NUP62;TNFRSF11A;IKBKG

regulation of trans membrane transporter activity
(GO:0022898)

0.023428 -2.2699 TWIST1;NETO2;CACNG2

regulation of organic acid transport (GO:0032890)

0.015701 -2.26756 GRIK1;TNFRSF11A

regulation of transporter activity (GO:0032409)

0.028791 -2.26404 TWIST1;NETO2;CACNG2

ameboidal-type cell migration (GO:0001667)

0.01651 -2.26295 KDR;FAT2;TWIST1

nucleobase-containing compound transport
(GO:0015931)

0.007779 -2.26016 NUP214;NUP62;RFTN1;SLC29A1

regulation of receptor activity (GO:0010469)

0.006636 -2.24506 EPGN;NETO2;CACNG2

cellular response to carbohydrate stimulus
(GO:0071322)

0.020634 -2.24061 CLEC7A;SLC29A1

membrane depolarization (GO:0051899)

0.011203 -2.23649 GRIK1;CACNG2;SLC29A1
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ossification (GO:0001503)

0.014181 -2.22879 SIK3;TWIST1;TNFRSF11A

pattern recognition receptor signalling pathway
(GO:0002221)

0.023852 -2.22812 CLEC7A;RFTN1;IKBKG

mitotic cell cycle(GO:0000278)

0.029841 -2.22408 NUP214;RFC4;PSMD4;NUP62;MCPH1

innate immune response-activating signal
transduction (GO:0002758)

0.024713 -2.21732 CLEC7A;RFTN1;IKBKG

RNA transport(GO:0050658)

0.028791 -2.20544 NUP214;NUP62;RFTN1

nucleic acid transport (GO:0050657)

0.028791 -2.20286 NUP214;NUP62;RFTN1

positive regulation of angiogenesis (GO:0045766)

0.009864 -2.20102 ADM2;KDR;TWIST1

establishment of RNA localization (GO:0051236)

0.028791 -2.19779 NUP214;NUP62;RFTN1

activation of innate immune response (GO:0002218) 0.027855 -2.19528 CLEC7A;RFTN1;IKBKG
activation of immune response (GO:0002253)

0.156213 -2.37209 CLEC7A;RFTN1;IKBKG;VSIG4

regulation of viral genome replication (GO:0045069) 0.026125 -2.15743 IFITM3;FAM111A
epithelial cell migration (GO:0010631)

0.033039 -2.14141 KDR;FAT2

positive regulation of innate immune response
(GO:0045089)

0.049052 -2.13089 CLEC7A;RFTN1;IKBKG

regulation of angiogenesis (GO:0045765)

0.04245 -2.12229 ADM2;KDR;TWIST1

regulation of phosphatidylinositol 3-kinase signaling
(GO:0014066)

0.033948 -2.10747 KDR;TWIST1

Table S2: Gene ontology terms from the gene cluster 1 correlated with microbiota cluster B as shown in
figure 9.
GO Terms

P-value

Z-score

Genes

prepulse inhibition (GO:0060134)

0.001234

-2.77426 GRID2;SLC6A3

positive regulation of cell fate commitment
(GO:0010455)

0.001421

-2.69766 PAX6;SPDEF

regulation of transcription involved in cell fate
commitment (GO:0060850)

0.003073

-2.87914 PAX6;ETV2

peptidyl-proline hydroxylation (GO:0019511)

0.001421

-2.47785 PDIA2;EGLN3

cell fate determination (GO:0001709)

0.000731

-2.41641 HOXA2;PAX6;ATOH1

transcription from RNA polymerase II promoter
(GO:0006366)

0.000392

-2.40003 PAX6;YBX2;NELFB;ETV2;ETV4;ATOH
1;ETS2;SPDEF

gland development (GO:0048732)

0.00155

-2.32952 CDKN1C;HOXA3;PAX6;JARID2;KLF1

protein hydroxylation (GO:0018126)

0.002055

-2.55821 PDIA2;EGLN3

glandular epithelial cell differentiation (GO:0002067) 0.003073

-2.61207 PAX6;SPDEF

positive regulation of epithelial cell differentiation
(GO:0030858)

0.001158

-2.26286 PAX6;ETV2;ATOH1

motor neuron axon guidance (GO:0008045)

0.004613

-2.74889 HOXA2;ETV4

peptidyl-proline modification (GO:0018208)

0.001351

-2.20772 PDIA2;EGLN3;FKBP5
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columnar/cuboidal epithelial cell development
(GO:0002066)

0.004613

-2.70177 PAX6;SPDEF

reproductive structure development (GO:0048608)

0.00342

-2.35073 FZD1;CDKN1C;ETV2;TLR5;HS6ST1

anterior/posterior pattern specification (GO:0009952) 0.002681

-2.29488 HOXA3;HOXA2;PAX6;HOXB7

myeloid cell differentiation (GO:0030099)

0.002941

-2.26559 CDKN1C;ETV2;HOXB7;KLF1

embryonic morphogenesis (GO:0048598)

0.004249

-2.39884 CDKN1C;HOXA3;HOXA2;PAX6;HOX
B7;ATOH1

regulation of sodium ion transmembrane transporter 0.006441
activity (GO:2000649)

-2.65823 STOM;ATP1B1

regulation of cell fate commitment (GO:0010453)

0.006441

-2.45574 PAX6;SPDEF

photoreceptor cell maintenance (GO:0045494)

0.006441

-2.44691 BBS1;LCA5

regulation of sodium ion transmembrane transport
(GO:1902305)

0.009936

-2.57256 STOM;ATP1B1

lung alveolus development (GO:0048286)

0.009936

-2.35011 FZD1;HS6ST1

neuron projection guidance(GO:0097485)

0.012856

-2.33942 CNTN2;HOXA2;PAX6;ETV4;ATOH1

axon guidance (GO:0007411)

0.012856

-2.3368

regionalization (GO:0003002)

0.014697

-2.32869 HOXA3;HOXA2;PAX6;HOXB7

regulation of epithelial cell differentiation
(GO:0030856)

0.008652

-2.25846 PAX6;ETV2;ATOH1

regulation of neuron differentiation (GO:0045664)

0.018832

-2.29712 GRID2;CNTN2;HOXA2;PAX6;ATOH1

negative regulation of epithelial cell proliferation
(GO:0050680)

0.008865

-2.22922 CDKN1C;PAX6;ETV4

thymus development (GO:0048538)

0.01142

-2.20626 HOXA3;JARID2

CNTN2;HOXA2;PAX6;ETV4;ATOH1

cellular response to external stimulus (GO:0071496) 0.033894

-2.20395 NR1H4;TLR5;FOXA3

cilium organization (GO:0044782)

0.012424

-2.19605 BBS1;TTLL3;TTC17

cellular component assembly involved in
morphogenesis (GO:0010927)

0.034351

-2.18572 BBS1;TTLL3;MYLK3

neuron migration (GO:0001764)

0.010204

-2.16916 CNTN2;PAX6;ATOH1

negative regulation of neuron differentiation
(GO:0045665)

0.018937

-2.18467 CNTN2;HOXA2;PAX6

regulation of organ morphogenesis (GO:2000027)

0.019947

-2.18065 FZD1;HOXB7;ETV4

erythrocyte differentiation (GO:0030218)

0.015235

-2.15956 ETV2;KLF1

hematopoietic or lymphoid organ development
(GO:0048534)

0.029502

-2.15619 HOXA3;JARID2;KLF1

sodium ion transport (GO:0006814)

0.017006

-2.15531 SLC9A3;WNK4;ATP1B1

central nervous system development (GO:0007417) 0.008443
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-2.10067 PAX6;JARID2;ATOH1
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Abstract
Probiotics are known to be able to improve immunity, intestinal barrier and
gut microbiota composition, also in the context of ageing. In this study we
investigated the effect on immunity and intestinal barrier in wild-type (Ercc1+/+)
mice and fast ageing Ercc1-/Δ7 mice (median lifespan 20 weeks) after 10-week
supplementation of three candidate probiotic strains, L. plantarum WCFS1, L.
casei BL23, and B. breve DSM20213. Observed effects in immunity and intestinal
barrier were linked to gene regulation in ileum and colon, and fecal microbiota
composition.
Effects of the bacterial supplementations on intestinal barrier and immunity
were most apparent in aged Ercc1-/Δ7 mice compared with Ercc1+/+ mice, showing
that ageing profoundly influences the response to the different interventions.
Moreover, the different bacterial strains elicited distinct responses in immunity
and intestinal barrier. Supplementation of L. casei induced systemic inflammation,
marked by increased frequencies of Ly6Chi monocytes, neutrophils, and Th17
cells in spleen. Exacerbation of age-related decline of gut tissue and mucus
integrity was observed after supplementation with B. breve. Supplementation
of L. plantarum ameliorated the age-related decline in intestinal barrier of
Ercc1-/Δ7 mice. Fecal microbiota composition only slightly shifted upon bacterial
supplementation, whereas analysis of gene expression corroborated histological
findings.
We conclude that the Ercc1-/Δ7 model can be used to study the effect of longterm probiotic interventions on ageing. Our data provide an example of how
bacterial supplementation can restore age-related decline in intestinal barrier,
and highlights the caution needed in the selection of candidate probiotic strains
for supplementation to ageing individuals.
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Introduction
Multiple types of DNA damage lead to a decline in the regenerative potential of tissues
due to stem cell exhaustion, one of the hallmarks of ageing 301. With age, hematopoietic
stem cells (HSC) acquire defects 302 303. HSC do not efficiently generate lymphoid cells,
whereas relatively more myeloid cells are generated 304 305, also known as the myeloid
bias. Furthermore, thymus and bone marrow involute, and long-lived B cells accumulate,
leading to decreased T and B cell production 306 307 308. Immunity and gut microbiota
composition are intimately linked with each other 161, and these change with age,
leading to immunosenescence and low-grade inflammation (“inflammageing”) 161 309.

A crucial component of the intestinal barrier is secreted mucus comprising of a highly
glycosylated MUC2 which polymerizes through the N- and C-termini into large net-like
polymers, which, after secretion from goblet cells, form a transparent gel-like structure
61
. In healthy conventional mice, the secreted mucus forms a firmly adherent layer
(about 50 μm in tissue explants) over the colon epithelium that serves to spatially
compartmentalize bacteria to the lumen 61. Muc2-/- spontaneously develop colitis after
weaning, demonstrating the important barrier function of mucus 121. In the ileum,
however, increased expression of the IL-22-mediated network genes involved in
epithelial repair and barrier defense, including Fut2, Reg3β, Reg3γ, Relmb, appear to be
sufficient to maintain homeostasis and prevent epithelial damage due to inflammatory
responses to bacteria (Chapter 2) 251. Recently, the thickness of the firm mucus barrier in
the colon was shown to be thinner and more permeable to bacteria in 18- to 19-monthold mice than in young 10- week-old mice (Chapter 4). Secreted mucus is an important
substrate for specific gut microbiota, such as Akkermansia muciniphila 7, and the MUC2
glycoprotein regulates immunity by inducing tolerogenic signals in mucosal dendritic
cells 92. Changes in mucus quantity and integrity, therefore, influence gut microbiota
and immunity (Chapter 2)251 92.
It has been shown that specific food-ingredients such as probiotic supplementation
to elderly subjects lead to changes in fecal microbiota composition and defecation
frequency 310 309 311 312 313 314 315 316. Probiotics are live bacteria that confer health benefits
to the host, for example by competing with pathogens, regulating immunity and
enhancing intestinal barrier function 297 317 269 and might therefore prevent some of the
undesired immune and barrier effects related to ageing. Supplementation of elderly
subjects with Bifidobacterium lactis HN019 increased the proportions of total CD4+ T
cells, CD25+ activated T cells, and CD56+ NK cells. Additionally this strain elevated the
ex vivo phagocytic capacity of mononuclear and polymorphonuclear phagocytes and
the tumoricidal activity of NK cells after supplementation to elderly subjects 318 319. In
mice, probiotic supplementation with Bifidobacterium animalis LKM512 decreased
colon permeability, extended lifespan and improved quality of life 320. Supplementation
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of aged mice with Lactobacillus paracasei NCC2461 resulted in increased IgG2a titers
after antigenic challenge 321. Besides these studies, little is known about how prolonged
exposure to probiotics impact on the effects of ageing on the intestinal barrier and
systemic immune system.

Several fast ageing mouse models exist, but we have recently described the suitability of
the Ercc1-/Δ7 mouse model for ageing and its effects on immunity and intestinal barrier
(van Beek et al., unpublished). The fast ageing phenotype of Ercc1-/Δ7 mice (median
lifespan 20 weeks) is caused by impaired capacity of the ERCC1 protein, which is
involved in nucleotide excision repair and recombination repair 322 323. We previously
also showed that the immune system of Ercc1-/Δ7 mice is positively sensitive to e.g.
tryptophan restriction diet (van Beek et al., unpublished), indicating the possibility to
modulate the fast ageing phenotype in Ercc1-/Δ7 mice by diet.
The aim of this study was to investigate the potential of long-term supplementation with
candidate probiotic strains for amelioration of the effects of ageing on intestinal barrier
function in Ercc1-/Δ7 mice. We analyzed distribution and activation of immune cells in
various mucosal and peripheral lymphoid organs. To determine effects on intestinal
barrier, we analyzed tissue integrity, mucus barrier, gene regulation, and microbiota
composition in the gut.

Materials and Methods
Mice

The generation and characterization of Ercc1+/∆7 and Ercc1-/+ mice has been previously
described 324. Ercc1-/∆7 mice were obtained by crossing Ercc1+/∆7 with Ercc1-/+ mice
of pure C57Bl6/J and FVB backgrounds to yield Ercc1-/∆7 with an F1 C57Bl6J/FVB
hybrid background. Wild-type littermates were used as controls. Typical unfavorable
characteristics, such as blindness in an FVB background or deafness in a C57Bl6/J
background, do not occur in this hybrid background.

Mice were clinically diagnosed daily, and weighed, visually inspected, and scored for
gross morphological and motor abnormalities weekly. Since Ercc1-/∆7 mice were smaller,
food was administered within the cages and water bottles with long nozzles were used
from around two weeks of age. Animals were maintained in a controlled environment
(20-22°C, 12h light - 12h dark cycle) and were housed in individual ventilated cages
under SPF conditions. Experiments were performed in accordance with the Principles
of Laboratory Animal Care and with the guidelines approved by the Dutch Ethical
Committee in full accordance with European legislation. All animals were bred and
maintained in the animal facility of Erasmus University Medical Center (Rotterdam,
NL) on AIN93G synthetic pellets (Research Diet Services B.V., Wijk bij Duurstede, the
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Netherlands; gross energy content 4.9 kcal/g dry mass). At the age of 5 weeks, mice were
transferred to the animal facility of Wageningen University (Wageningen, NL). Mice had
free access to AIN93 D12450B diet (Research Diet Services, Wijk bij Duurstede, NL;
gross energy content 3.9 kcal/g dry mass).
Genotyping

Genotyping was performed on DNA isolated from toe. Ercc1 alleles were genotyped by
PCR using the following primers: Exon-7 sense: 5’-AGCCGACCTCCTTATGGAAA; Intron-7
antisense: ACAGATGCTGAGGGCAGACT; NeoR sense: 5’-TCGCCTTCTTGACGAGTTCT; and
3’-UTR antisense: 5’-CTAGGTGGCAGCAGGTCATC. A 0.5kb fragment was generated from
the delta allele using primers Neo and UTR, a 0.4kb from the knockout allele using Neo
and Intron primers, whereas a 0.25kb fragment was amplified from the wild type or
delta allele using the Exon/Intron primerset. Cycling conditions were 95°C for 15sec,
62°C for 15sec, 72°C for 30sec (35 cycles), followed by an extension at 72°C for 5min.
The amplified fragments were size separated on a 2% agarose gel.
Bacterial cultures and supplementation

Lactobacillus plantarum WCFS1, Lactobacillus casei BL23, and Bifidobacterium breve
DSM20213 were grown on MRS medium (Merck, Darmstadt, Germany) until stationary
phase, frozen in glycerol, and stored in -80°C until use. Viability was assessed through
plating on MRS agar and expressed as colony forming units (CFU)/mL. Upon use,
bacteria were thawed and 10x diluted in NaHCO3/PBS buffer. Around 2 * 108 CFU in
200 µL were administered to mice by gavage, three times per week. Treatment of mice
started at 6 weeks of age until sacrifice at 16 weeks or (moribund) kill.
In vivo immunization and antibody detection

Primary and secondary T-cell dependent (TD) immune responses were measured 7
days after primary i.p. immunization (0.1 mg TNP-KLH in 0.8 mg alum) and 7 days after
i.p. booster immunization (0.1 mg TNP-KLH in PBS). The primary immunization was
performed at 8 weeks of age, booster doses were injected at 12 weeks of age. Total and
TNP-specific Ig subclasses were determined by sandwich ELISA as previously described
325
.
General flow cytometry procedures

Single-cell suspensions of bone marrow (BM) were obtained by crushing femurs, tibias,
iliac crests, and sternum with mortar and pestle. BM cells were then filtered on a 40
µm cell strainer. A proportion of the BM cells were frozen for later use in vitro. Spleen,
mesenteric lymph nodes (MLN), Peyer’s patch (PP), thymus and peritoneal cavity single
cell suspensions were obtained by gently pushing cells through a 40 µm cell strainer
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with a syringe. All cells were stained for extracellular markers and dead cells were
identified with fixable live/dead stain (Ebioscience, San Diego, CA, USA), after which
intracellular staining was enabled by fixing and permeabilizing cells with Fix/Perm
buffer (Ebioscience) according to manufacturer’s instructions. Antibodies used for flow
cytometric measurements are listed in Supplementary Table S1. All flow cytometric
measurements were performed on a Canto II flow cytometer (BD Biosciences,
Erembodegem, Belgium). FlowJo vX.07 software (Tree Star) was used for data analysis.
B cell purification and cultures of naive B2 cells

Splenic cells were depleted for activated B cells, B1 cells, (pre)plasma cells and non-B
cells using biotinylated anti-CD5, CD11b, CD43, CD95, CD138, Gr-1 and TER-119 and
streptavidin-conjugated magnetic beads (BD Biosciences). After depletion of labeled
cells with Imagnet (BD Biosciences), purity of naive B2 cells typically exceeded 95% as
verified by flow cytometric measurements. Purified naive B2 cells were cultured at 1.2
x 106 cells/mL for 3 or 7 days in the presence of 10 µg/mL F(ab’2) goat anti-mouse-IgM
(Jackson Immunoresearch), 5 µg/mL LPS (S. minnesota, Sigma), 5 µg/mL LPS + 0.1 µg/
mL IL-4 (BioLegend), 1 µM CpG (ODN1668, Invitrogen) or 20 µg/mL anti-CD40 (3/23,
BD Biosciences).
Spleen cultures

Splenic cells were cultured at 1 x 106 cells/mL for four days in the absence or presence
of concanavalin A (ConA). Proliferation was measured by Ki-67 (Ebioscience).
Supernatants were stored at -20°C for maximally 3 months. After thawing, IL-2, IL-4,
IL-6, IL-10, IL-17A, IFN-γ, and TNF were measured with the Cytometric Bead Array
(CBA) Th1/Th2/Th17 Kit (BD Biosciences), according to manufacturer’s instructions.
Samples were acquired on a Canto II flow cytometer.
Histology

Paraffin sections (5 µm) of ileum colon were attached to poly-L-lysine-coated glass
slides (Thermo scientific, Germany). After overnight incubation at 37˚C, slides were
de-waxed and hydrated step-wise using 100% xylene followed by several solutions
of distilled water containing decreasing amounts of ethanol. Sections were stained
with hematoxylin and eosin (H&E) and PAS/Alcian blue 194. Mucus layer thickness and
crypt length were measured (10 measurements per section / 2 sections per animal / 5
animals per condition) using ImageJ software (NIH, Maryland, USA).
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Detection of bacteria using fluorescent in situ hybridization (FISH)
The slides were deparaffinized with xylene and rehydrated in a series of ethanol
solutions to 100% ethanol. The tissue sections were incubated with the universal
bacterial probe EUB338 (5’-GCTGCCTCCCGTAGGAGT-3’) (Isogen Bioscience BV,
De Meern, the Netherlands) conjugated to Alexa Fluor488. A ‘non-sense’ probe
(5’-CGACGGAGGGCATCCTCA-3’) conjugated to Cy3, was used as a negative control.
Tissue sections were incubated overnight with 0.5 μg of probe in 50 μL of hybridization
solution (20 mmol/L Tris-HCl (pH 7.4), 0.9 mol/L NaCl, 0.1% (w/v) SDS) at 50°C in a
humid environment using a coverslip to prevent drying of the sample. The sections were
washed with (20 mmol/L Tris-HCl (pH 7.4), 0.9 mol/L NaCl) at 50°C for 20 min and then
washed 2 times in PBS for 10 min in the dark and incubated with DRAQ5 (Invitrogen)
(1:1000) for 1 h at 4°C to stain nuclei. Sections were washed 2 times in PBS for 10 min,
mounted in fluoromount G (SouthernBiotec, Alabama, USA) and stored at 4°C.
RNA isolation and transcriptome analysis

Total RNA was isolated using the RNeasy kit (Qiagen) with a DNase digestion step
according to the manufacturer’s protocol. One microgram of RNA was reverse
transcribed using a qScript cDNA synthesis kit (Quanta Biosciences, Gaithersburg, MD)
according to the manufacturer’s protocol. Quantity and quality of ileal and colonic RNA
(3-6 arrays of individual mice per group) was assessed using spectrophotometry (ND1000; NanoDrop Technologies, Wilmington, NC) and Bionanalyzer 2100 (Agilent, Santa
Clara, CA), respectively. RNA was only used to generate cDNA and perform microarray
hybridization when there was no evidence of RNA degradation (RNA Integrity Number
> 8). One hundred nanogram of total RNA was labeled using the Ambion WT Expression
kit (Life Technologies Ltd, Paisley, United Kingdom) together with the Affymetrix
GeneChip WT Terminal Labeling kit (Affymetrix, Santa Clara, CA). Labelled samples
were hybridized to Affymetrix GeneChip Mouse Gene 1.1 ST arrays. Hybridization,
washing, and scanning of the array plates were performed on an Affymetrix GeneTitan
Instrument, according to the manufacturer’s recommendations. Quality control of
the data sets obtained from the scanned Affymetrix arrays was performed using
Bioconductor 195 packages integrated in an online pipeline 196. Probe sets were redefined
according to Dai et al. 197 using current genome information. In this study, probes were
reorganized based on the Entrez Gene database (remapped CDF v18.0.1). Normalized
expression estimates were obtained from the raw intensity values using the Robust
Multiarray Analysis preprocessing algorithm available in the Bioconductor library
affyPLM using default settings 198. Differentially expressed probe sets were identified
using linear models, applying moderated T-statistics that implemented empirical Bayes
regularization of SEs 199. A Bayesian hierarchical model was used to define an intensitybased moderated T-statistic, which takes into account the degree of independence of
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variances relative to the degree of identity and the relationship between variance and
signal intensity 200. Only probe sets with a fold change of at least 1.2 (up or down) and
p<0.05 were considered to be significantly different. Pathway analysis was performed
by Gene Set Enrichment Analysis (GSEA) 202 201. Potential upstream regulators were
identified through the use of QIAGEN’s Ingenuity Pathway Analysis (IPA®, QIAGEN
Redwood City, www.qiagen.com/ingenuity).
Bacterial DNA extraction and microbiota profiling

Microbiota composition in feces was analyzed by Mouse Intestinal Tract Chip (MITChip),
a diagnostic 16S rRNA gene array that consists of 3580 unique probes especially
designed to profile mouse intestine microbiota 203. 16S rRNA gene amplification, in vitro
transcription and labeling, and hybridization were carried out as described previously
204
. The data were normalized and analyzed using a set of R-based scripts in combination
with a custom-designed relational database, which operates under the MySQL database
management system. For the microbial profiling, the Robust Probabilistic Averaging
signal intensities of 2667 specific probes for the 94 genus-level bacterial groups
detected on the MITChip were used 205. Diversity calculations were performed using a
microbiome R-script package (https://github.com/microbiome). Multivariate statistics,
redundancy analysis, and principal response curves were performed in Canoco 5.0 and
visualized in triplots or a principal response curves plot 206.
Statistical analysis

To test differences between treatment groups, unpaired t tests were performed in
GraphPad Prism software version 5.0.3 (San Diego, CA, USA). Significant differences
were indicated by asterisks: *= p<0.05; **= p<0.01; ***= p<0.001.
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Results
To investigate effects of long-term bacterial supplementation on ageing immunity and
intestinal barrier, we supplemented 6-week-old Ercc1-/Δ7 and Ercc1+/+ mice one of three
candidate probiotic strains: Lactobacillus plantarum WCFS1, Lactobacillus casei BL23,
or Bifidobacterium breve DSM20213 (or ATCC15700). Previously, probiotic activity has
been shown for L. plantarum WCFS1 326 327 328 329 330 331 332 and L. casei BL23 333 334 335.
Relatives of B. breve DSM20213 have also shown probiotic activity 336.
L. casei supplementation induces systemic inflammation

First, we evaluated changes in distribution of immune cells in mucosal and
peripheral immune organs. B cell frequencies were reduced in PP and MLN after
L. casei supplementation in Ercc1-/Δ7 mice (Suppl. Fig. S1). In contrast, frequencies
of T cells were increased. In spleen, B cell frequencies were decreased (p=0.057)
after L. casei supplementation, but no changes in T cell frequencies were observed
(data not shown). Ly6Chi monocyte (CD11b+Ly6G-CD68+, Fig. 1A) and neutrophil
(CD11b+CD68intLy6CintLy6G+) frequencies were increased after L. casei supplementation
(Fig. 1B, C). In addition, RORγt+ Th17 cells were increased after L. casei supplementation
(Fig. 1D). A four-day culture of splenocytes stimulated with concanavalin A, showed
increased IL-17A production (Fig. 1E) and decreased T cell proliferation in splenocytes
derived from L. casei-treated mice (Suppl. Fig. S2A). Purified naive B2 cells were
stimulated with several ligands, for three or seven days. Decreased CD86 expression
in B cells derived from mice supplemented with L. casei was observed after three-day
stimulation with LPS and IL-4 (Suppl. Fig. S2B).

As the observed changes in cell distribution can be explained by decreased migration or
production of lymphocytes, or increased migration or production of myeloid cells, we
investigated the distribution of B cells and myeloid cells in BM and T cells in thymus.
In BM, we observed significantly higher CD11b+Ly6G+ neutrophil frequencies after L.
casei supplementation (35% vs. 29% in control, data not shown). Total CD19+CD45R+
B cell frequencies were significantly decreased after L. plantarum and L. casei
supplementation, but not after B. breve supplementation (Suppl. Fig. S3A). L. casei
supplementation reduced sIgκ/λ+cIgM+IgDhi recirculating mature, sIgκ/λ+cIgM+IgDlo
immature, and cIgM+CD2+ small resting pre-B cells, but to a lesser extent cIgM+CD2large cycling pre-B and cIgM-CD2- pro-B cells (Suppl. Fig. S3B-F), indicating that L.
casei supplementation arrests B cell development in BM. In thymus, only L. casei
supplementation caused changes in cell distribution, in particular increasing CD3-CD4CD8- double negative (DN) stages at the expense of CD3-CD4+CD8+ double positive (DP)
frequencies (Suppl. Fig. S4).
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Collectively, these data show that long-term L. casei supplementation induced systemic
inflammation in aged Ercc1-/Δ7 mice.
A

B

C

D

E

Figure 1: L. casei supplementation of Ercc1-/Δ7 mice caused increased Ly6Chi monocyte, neutrophil and Th17
frequencies in spleen, accompanied by increased IL-17A production in splenocytes. A) Flow cytometric
analysis of neutrophils and monocytes. Splenic CD11b+ cells were gated for Ly6G+ neutrophils and Ly6GCD68+ monocytes. Monocytes were further divided in Ly6Chi, Ly6Cint, and Ly6Clo monocytes. B-E) Mean
frequencies, concentrations, and relative fluorescence intensities were determined by flow cytometry, and
using a Cytometric Bead Array. Th17 cells were defined as CD3e+CD4+CD8a-RORγt+. IL-17A production was
determined in supernatants of splenocytes stimulated with ConA for four days. Data represent the mean +
S.E.M. from 4-6 animals per group.
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Bacterial supplementation alters mucosal integrity and mucus barrier in ageing
ileum
As bacteria were supplemented by oral gavage, the effects of bacterial supplementation
on tissue integrity in the ileum were investigated by histological methods. The histology
of the ileum of aged Ercc1-/Δ7 mice was comparable to that of aged Ercc1+/+ mice (Fig.
2). However, bacteria were found closer to epithelium in aged Ercc1-/Δ7 mice than in
Ercc1+/+ mice, despite there being no discernable differences in the overall location of
the secreted mucus (Fig. 2). Supplementation with L. plantarum and L. casei did not
change tissue and mucus integrity, or mucus location (data not shown). In contrast,
supplementation with B. breve caused extensive villus atrophy (Fig. 2).
Different bacterial supplements regulate distinct growth factors and cytokines

To examine the observed differences in integrity of ileum tissue of aged Ercc1-/Δ7 mice at
molecular level, we performed gene expression microarrays. All the bacterial supplements
significantly altered expression of hundreds of genes compared with control mice: 465
genes by L. plantarum, 350 genes by L. casei, and 879 genes by B. breve (Fig. 3). The genes
differentially regulated by the different bacterial supplementations were distinct from each
other (Fig. 3). Gene set enrichment analysis (GSEA) showed that supplementation with L.
plantarum significantly enhanced general processes such as cell growth and proliferation,
DNA repair, immunity, barrier function, and metabolism (Suppl. Table S2), whereas this
was not the case after supplementation with L. casei or B. breve. In fact some gene sets
associated with these processes were significantly decreased in L. casei- and B. brevetreated mice compared with control mice. The significantly enriched gene sets identified in
transcriptomes of mice administered B. breve were correlated with deterioration of tissue
and mucus barrier integrity. Increased expression of E-cadherin, integrins, tight junction
proteins and Wnt signaling after L. plantarum supplementation might point to maintenance
of barrier function.
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H&E

PAS/AB

FISH

Figure 2: Representative pictures of H&E, PAS/Alcian Blue staining of ileum of Ercc1+/+, aged Ercc1-/Δ7 and
aged Ercc1-/Δ7 supplemented with B. breve (BB). Scale bars: 100 μm for H&E and PAS/AB staining. FISH
staining (in green; cell nuclei in blue) of ileum of Ercc1+/+, aged Ercc1-/Δ7 and aged Ercc1-/Δ7 supplemented with
B. breve (aged Ercc1-/Δ7 + BB). Scale bars: 50 μm.

Next, we determined potential upstream regulators that can explain the observed gene
expression changes, using Ingenuity Upstream Regulator Analysis. We focused on cytokines,
growth factors and unclassified factors (including immunoglobulins). Upstream regulators
predicted to be involved in the gene expression changes in ileum of aged Ercc1-/Δ7 mice after
supplementation with L. plantarum and B. breve are listed in Table 1. In this analysis, no
differences between control and L. casei supplementation were observed, fully in line with
histology results.

Some upstream regulators were shared among the differentially expressed gene networks
of L. plantarum- and B. breve-treated mice compared with control mice. For example, TNF
was inhibited in both groups, whereas epidermal growth factor (EGF), insulin 1, insulinlike growth factor (IGF)-1, IL-1α and TGF-β1 were predicted to be activated in both groups
(p<0.05). Growth hormone was predicted to be activated and insulin induced gene 1 (INSIG1)
was predicted to be inhibited only after L. plantarum supplementation. IFN-γ, IFN-β, and
heat shock protein 90 (Hsp90) were predicted to be inhibited, and glial cell line-derived
neurotrophic factor (GDNF) was predicted to be activated only in the B. breve-treated mice.
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Figure 3: Venn diagrams of differentially regulated genes in ileum of aged Ercc1-/Δ7 after bacterial supplementation.
Venn diagram of the total number of genes altered in the ileum of aged Ercc1-/Δ7 mice treated with L. plantarum
(LP), B. breve (BB), or L. casei (LC), compared with control-treated Ercc1-/Δ7 mice (1). Venn diagram of the number
of genes up-regulated (2) and down-regulated (3) in the ileum of aged Ercc1-/Δ7 mice treated with LP, BB, or LC
(p<0.05 and >1.2-fold difference).
Table 1. Common and specific potential upstream regulators in ileum of aged Ercc1-/Δ7 mice after bacterial
supplementations L. plantarum (LP), L. casei (LC), or B. breve (BB) as determined by Ingenuity Pathway Analysis.
Analysis of potential upstream regulators was restricted to “cytokines”, “growth factors” and “others”. Cut-off
values for activation z-score ≥ 1.5 or ≤ -1.5 and p<0.05. Up regulated in green, down regulated in red.
Upstream regulators
Ins1
IL-1α
IGF-1
EGF
TGF-β1
TNF
IFN-α2
ADIPOQ
IFN-γ
GDNF
GH
Hsp90
INSIG1
VEGF
PDGFBB
FGF8
SCAP
RETN
FSH
CaM
FGF21
IFN-β1

LP
3.4
2.2
2.2
1.9
1.6
-2.1

LC

BB
1.4
2.4
1.9
2.1
2.1
-1.2
-3.1
2.6
-2.5
2.4

6

2.4
-2.2
-2.2
1.9

2.0
-0.1
2.0

2.0
1.9

0.1

1.9
1.6
1.5
-1.5

Legend: ADIPOQ = adiponectin; CaM = calmodulin; EGF = epidermal growth factor; FGF = fibroblast growth factor;
FSH = follicle stimulating hormone; GDNF = glial cell line-derived neurotrophic factor; GH = growth hormone;
Hsp = heat shock protein; IFN = interferon; IGF = insulin-like growth factor; Ins = insulin; INSIG = insulin induced
gene; PDGF = platelet-derived growth factor; SCAP = SREBP cleavage-activating protein; RETN = resistin; TGF =
transforming growth factor; TNF = tumor necrosis factor; VEGF = vascular endothelial growth factor.
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Mucus barrier function restored in aged Ercc1-/Δ7 mice supplemented with L.
plantarum
Because bacterial supplementation altered mucosal and systemic immunity, or ileum barrier
integrity compared with control mice, we investigated the tissue integrity and mucus barrier
in colon. As previously reported for wild-type mice and Ercc1-/Δ7 mice (chapter 4 and van
Beek et al., unpublished), colon of aged Ercc1-/Δ7 mice compared with colon of Ercc1+/+ mice
showed age-dependent decline of tissue and mucus integrity (Fig. 4, 5). Aged Ercc1-/Δ7 mice
supplemented with L. plantarum showed a thicker colonic inner mucus layer compared with
control mice (Fig. 4, 5). The effect of this treatment on the spatial compartmentalization of
bacteria in the colon was visualized using FISH. We observed a restored inner mucus layer
with a clear ‘gap’ of about 20 μm between the microbiota and the epithelium, as observed
in Ercc1+/+ mice (Fig. 4, 5). In association with this finding, less inflammation was observed
in the colon of mice treated with L. plantarum compared with control, as evidenced by
less immune cell infiltration and a thinner mucosa than the aged Ercc1-/Δ7 mice and aged
Ercc1-/Δ7 mice supplemented with L. casei or B. breve (Fig. 4). In contrast, supplementation
of aged Ercc1-/Δ7 mice with B. breve led to a thinner mucus barrier and evidence of increased
epithelial damage compared with aged Ercc1-/Δ7 control mice.
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Figure 4: Treatment with L. plantarum improves the colonic mucus barrier function and the intestinal tissue integrity of aged Ercc1-/Δ7 mice. Representative pictures
of colon of 4-6 mice per group stained with H&E, PAS/Alcian Blue, and FISH, of Ercc1+/+, aged Ercc1-/Δ7 and aged Ercc1-/Δ7 mice supplemented with L. plantarum
(LP), L. casei (LC), or B. breve (BB). Scale bars histological pictures: 100 μm; Scale bars FISH: 50 μm. Dashed lines represent the top of the epithelium. Vertical bar
represents the mucus layer
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Figure 5: L. plantarum supplementation completely restored age-related decline in mucus thickness in
Ercc1-/Δ7 mice. Mucus thickness and crypt length measurement as determined by ImageJ. Measurements
based on PAS/Alcian Blue staining of colon of Ercc1+/+, aged Ercc1-/Δ7 and aged Ercc1-/Δ7 mice supplemented
with L. plantarum (LP), L. casei (LC), or B. breve (BB). Data represent the mean + S.E.M. from 4-6 animals per
group. ***p<0.001; **p<0.01.

Regulation of pro-inflammatory cytokines in colon after L. plantarum supplementation

Next, we performed transcriptome analysis on tissue from the proximal colon. Gene
expression microarrays performed on colon revealed lower numbers of regulated genes
(compared with ileum): 84 by L. plantarum, 238 by L. casei, and 384 by B. breve (Fig. 6).

Figure 6: Venn diagrams of differentially regulated genes in colon of Ercc1-/Δ7 mice after bacterial
supplementation. Total number of genes altered in the proximal colon of aged Ercc1-/Δ7 mice treated with L.
plantarum (LP), B. breve (BB), or L. casei (LC), compared with control-treated Ercc1-/Δ7 mice (1). Venn diagram
of the number of genes up-regulated (2) and down-regulated (3) in the proximal colon of aged Ercc1-/Δ7 mice
treated with LP, BB, or LC (p<0.05 and >1.2-fold difference).

As in ileum, a distinct set of genes was differentially expressed in the different bacterial
supplemented mice compared with control mice (Fig. 6). Apolipoprotein (APO) A-1, and
APOA-4 were upregulated more than 2-fold after L. plantarum supplementation. In addition,
suppressor of cytokine signaling (SOCS) 3 and Toll-like receptor (TLR) 4 were more than
1.2-fold upregulated in L. plantarum treated mice. Several immunoglobulin-related genes
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were upregulated after administration of L. casei, whereas defensin 40β was 1.3-fold
downregulated. Defensin 24α was upregulated more than 6-fold after administration of B.
breve, while TLR6, TLR7, and CCL3 (MIP-1α) were more than 1.2-fold downregulated.
GSEA showed that L. plantarum supplementation enhanced growth and cell cycle, DNA
repair, immunity, barrier function, and metabolism (Suppl. Table 3). Supplementation
with L. casei enhanced growth and cell proliferation, and unfolded protein response
(UPR), while supplementation with B. breve enhanced metabolism and Wnt signaling.

Upstream regulators that can explain the observed gene expression changes were
identified using Ingenuity Upstream Regulator Analysis and focusing on cytokines,
growth factors and unclassified factors (including immunoglobulins). Upstream
regulators predicted to be involved in the gene expression changes in colon of aged
Ercc1-/Δ7 mice upon supplementation with the different candidate probiotics are listed
in Table 2. Inflammatory cytokines (GM-CSF, IFN-γ, IL-1β, and IL-4) and CD40L (CD154)
were predicted to be more activated in colon of mice supplemented with L. plantarum,
compared with colon of mice supplemented with control. In contrast, IFN-γ and IgG
were predicted to be inhibited in colon of mice supplemented with B. breve. EGF, insulin,
and platelet-derived growth factor (PDGF) BB were predicted to be activated by both L.
plantarum and B. breve supplementation. No specific upstream regulators, other than
resistin-like β, were identified in colon from L. casei-treated mice.
Ageing and bacterial supplementation associated with altered microbiota composition

To investigate the impact of genotype and bacterial supplementation in Ercc1-/Δ7 mice
on the microbial community, 16S rRNA gene microbiota profiles of feces from 6- and
16-week-old Ercc1+/+ and aged Ercc1-/Δ7 mice receiving control or a candidate probiotic
were analyzed. The microbial diversity and richness in Ercc1-/Δ7 at 6 weeks was
significantly less than in Ercc1+/+ (Suppl. Fig. S5A, B). The bacterial supplementations
did not alter diversity or richness.

Redundancy analysis (RDA) showed different microbial communities in aged control
Ercc1-/Δ7 and bacterial supplemented Ercc1-/Δ7 groups at 16 weeks of age, though not
significant and the bacterial supplemented groups were overlapping (Fig. 7). RDA
indicated 10.1% of the variance within the microbiota could be explained by bacterial
supplementation. The x-axis explains 4.9% of the variance and separates mainly
Ercc1-/Δ7 mice supplemented with bacterial strains from the control Ercc1-/Δ7 mice.
The y-axis contributes 3.6% to the microbiota variance but does not result in a clear
separation between groups.
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Table 2. Common and specific potential upstream regulators in colon of aged Ercc1-/Δ7 mice after bacterial
supplementations L. plantarum (LP), L. casei (LC), or B. breve (BB) as determined by Ingenuity.
Analysis of potential upstream regulators was restricted to “cytokines”, “growth factors” and “others”. Cut-off
values for activation z-score ≥ 1.5 or ≤ -1.5 and p<0.05. Up-regulated in green and down-regulated in red.
Upstream regulators
EGF
IFN-γ
Insulin
PDGFBB
CSF2 (GM-CSF)
IgG
IL-1β
EDN1
LEP
IL-4
WNT3A
RETNLB
CD40L (CD154)
VIP
Klra4 (includes others)
IGF-1
FGF2
APP

LP
2.4
2.0
1.4
2.0
2.0

LC

BB
3.3
-1.5
2.0
1.2
-0.7
-2.4
0.7
2.2

1.7
2.2
2.2

2.2
2.0
2.0
2.0
-1.9
1.8
1.7
1.5

Legend: APP = amyloid β precursor protein; CSF = colony-stimulating factor; EDN = endothelin; EGF =
epidermal growth factor; FGF = fibroblast growth factor; GDNF = glial cell line-derived neurotrophic factor;
GM-CSF = granulocyte-macrophage stimulating factor; IFN = interferon; IGF = insulin-like growth factor; Klra
= killer cell lectin-like receptor, subfamily A; LEP = leptin; PDGF = platelet-derived growth factor; RETNLB =
resistin-like β; VIP = vasoactive intestinal peptide.

To assess whether significant changes in the microbial genus-like bacterial groups
existed between the genotypes and bacterial supplementations, the Wilcoxon test
was performed. It resulted in only one taxon that was significantly altered between
control mice and mice supplemented with bacterial strains. Subdoligranulum was
higher (p<0.05) in the aged Ercc1-/Δ7 mice supplemented with L. casei and it was
higher (p=0.052) in Ercc1-/Δ7 mice supplemented with B. breve compared with Ercc1-/Δ7
control mice. Akkermansia muciniphila were less present (p=0.055) in Ercc1-/Δ7 mice
supplemented with L. plantarum compared with control-treated mice. Eubacterium
plexicaudatum and a close relative to Anaerostipes caccae were higher (p=0.063) in
Ercc1-/Δ7 mice supplemented with L. casei.
Overall, the microbial differences between control mice and bacterial supplemented
mice were small. Larger differences were observed between Ercc1+/+ and aged Ercc1-/Δ7
mice.
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Figure 7: Bacterial supplementations shift colonic microbiota composition in Ercc1-/Δ7 mice. Redundancy
analysis of the microbial composition after bacterial supplementations, on genus-like level of the MITChip
analysis. The explanatory variables used, were the four aged Ercc1-/Δ7 mouse groups, which in total explained
10.1% of the variation.

Integrative analysis of gene regulation and microbiota composition in colon
reveals correlation between microbial species and senescence pathways
To gain insight into mechanisms explaining differential host responses to bacterial
supplementations, we determined the association between regulation of gene
expression and microbiota composition in colon. The correlation pattern between gene
expression and microbiota was visualized in a heat map. The clustered heatmap revealed
seven gene expression clusters (1-7) and four microbiota clusters (A-D) (Fig. 8). The
strongest correlations were observed for bacterial cluster D, and gene clusters 1 and
6. Bacterial cluster D, however, includes many background species, with the exception
of Subdoligranulum, which showed the least correlation in this cluster. Most of these
species did not show up in RDA plot (Fig. 7) and showed hardly any overlapping response
towards each of the bacterial supplementations. In contrast, species in bacterial cluster
A, B, and C showed up in the RDA (Fig. 7). Bacterial clusters B and C consist of many of
the Bacteroidetes species, which positively correlated with the aged Ercc1-/Δ7 control mice
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in the RDA (Fig. 7). These two bacterial clusters positively correlated with gene clusters
2 and 7. Genes in cluster 2 were related to the Wnt pathway, and to pathways involved
in tissue polarity. Genes in cluster 7 included genes regulating cell communication,
senescence, EGFR1 signaling, autophagy (Atg16L1), and TLR signaling pathways.

Figure 8: Integration of gene expression in colon with fecal microbiota composition. Heat map shows
the correlation between gene expression in colon and relative abundance of bacteria. Positive correlations
are depicted in red, negative correlations are depicted in blue. Greater intensity of color indicates stronger
correlation. Indicated clusters show strongest positive correlation between bacteria cluster D and gene
clusters 1 and 6. Bacterial cluster D, however, was excluded as it contains many background species. Two
other bacteria clusters (B and C) and two gene clusters (2 and 7) were also strongly positively correlated.

142

Supplementation with L. plantarum WCFS1 reverts age-related decline of mucus barrier in fast ageing Ercc1-/Δ7 mice

Discussion
Here, we present a comprehensive analysis of the effect of supplementation with
candidate probiotics on cellular parameters of ageing immunity and intestinal barrier.
We linked observed effects in immune cell composition and intestinal barrier to gene
regulation and gut microbiota composition.

We found that the effects of the candidate probiotic strains were most apparent on
intestinal barrier and mucosal and systemic immunity in aged Ercc1-/Δ7 mice compared
with Ercc1+/+ mice. Since Ercc1-/Δ7 mice represent aged mice at the tested time point
(16-week-old), this implies that ageing profoundly influences the response to the
supplementation of bacterial strains. Moreover, we found that the different strains
elicited distinct responses in immunity and intestinal barrier, indicating the importance
to include such analysis in the search for truly beneficial strains in the context of
ageing. In fact, supplementation of L. plantarum WCFS1 restored age-related decline
in intestinal barrier of Ercc1-/Δ7 mice, whereas supplementation of L. casei BL23 had no
effects. Supplementation of B. breve DSM20213 exacerbated the age-related decline in
intestinal barrier. It has been shown in previous studies that strains such as L. casei and B.
breve have beneficial effects 333 334 335 336. The observation, that these strains are virtually
having no effect in young Ercc1+/+ mice but severe deteriorating effects on systemic
immunity or barrier function in aged Ercc1-/Δ7 mice, suggests that caution should be
taken in administering probiotics into different age classes without confirming their
benefit to elderly subjects.
Table 3. Summary of effects on intestinal barrier and immunity of Ercc1+/+ mice, aged Ercc1-/Δ7 mice, and
Ercc1-/Δ7 mice after bacterial supplementations L. plantarum (LP), L. casei (LC), or B. breve (BB).
Ercc1-/Δ7 control

Intestinal barrier1

Immunity2

-

=
=

Ercc1

-/Δ7

+ LP

Ercc1

-/Δ7

+ LC

+

+ BB

-

Ercc1

-/Δ7

=

-

1
Ileum and colon taken together; 2Mucosal and systemic immunity taken together. + indicates improved
situation compared with control; = indicates no difference compared with control; - indicates deteriorated
situation compared with control. Ercc1-/Δ7 control mice were compared with Ercc1+/+ mice.

We observed that detrimental effects on intestinal barrier are not necessarily translated
into changes in immune cell frequencies, or vice versa (Table 3). Supplementation with
B. breve exacerbated the age-related decline of tissue integrity in ileum and colon, but
did not show any changes in mucosal or systemic immunity. The opposite was observed
after L. casei supplementation, causing no visible differences in intestinal barrier, but
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causing several signs of systemic inflammation, such as neutrophil and Ly6Chi monocyte
influx, and increased Th17 cell frequencies in spleen. These might be linked to the
observed general decrease in B cell frequencies following L. casei supplementation.
There is evidence that neutrophils in bone marrow are primed by peptidoglycan (PGN)
derived from gut microbiota 337. A role for microbiota in basophil hematopoiesis has
also been described 338. The effects of microbiota-derived signals on priming e.g. B or
T cells, or changing their development during hematopoiesis have not been previously
described. Our study suggests a link between microbiota, intestinal barrier, and bone
marrow B cells. Specific precursor stages (i.e. small resting pre-B cells) were decreased
after L. casei supplementation, and to a lesser extent after L. plantarum supplementation.
In the case of L. plantarum supplementation, we suggest that improved intestinal barrier
function might alter circulating microbiota-derived products such as PGN and LPS.
Indeed, even in HSC, chronic exposure to LPS caused age-related damage 339. Decreased
B cell lymphopoiesis raises the question whether Ercc1-/Δ7 treated with bacterial
supplementations are capable of mounting a proper primary or secondary immune
response. Preliminary data of experiments testing the capacity to mount an antigenspecific immune response, show that antibody titers against TNP-KLH are not affected
(data not shown).

The Ercc1-/Δ7 model presents a feasible model to perform lifespan studies, assessing
effects of dietary (or other) interventions on lifespan. A previous study in wild-type mice
showed extended lifespan after B. animalis supplementation 320.

In our study, we observed that L. plantarum improved colonic morphology and mucus
barrier. L. plantarum is known for its moderately pro-inflammatory profile, and relatively
high IL-10 induction, when tested in human PBMC cultures 332 340, human monocytederived DC cultures 341, and a peanut allergy mouse model 331. Indeed, several upstream
regulators predicted to be activated after L. plantarum supplementation included the
inflammatory cytokines GM-CSF, IFN-γ, IL-1β, and IL-4. Combined with the improved
overall makeup of the colon after L. plantarum supplementation, we therefore conclude
that it might be beneficial to increase action of inflammatory cytokines in the ageing colon.
In further support of this conclusion, we did not observe these transcriptional changes
after L. casei or B. breve supplementation. A ‘tonic’ level of constitutive TLR activation
by commensal bacteria was previously shown to be crucial in the recovery from DSS
induced epithelial damage due to the role of NF-κB in epithelial repair processes 342. This
notion that “physiological inflammation” is required for intestinal homeostasis is also
supported by studies using epithelium-specific iκB kinase-γ (or NEMO) ablation in mice.
These mice develop spontaneous colitis due to the failure of NF-κB to induce epithelial
repair and steady-state production of innate effector mechanisms in the intestine 343.
TLR2 signaling has been implicated in tight junction regulation in vivo and in vitro
297
. Thus is it possible that aged mice have sub-optimal level of TLR stimulation in the
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intestine to promote innate barrier defenses and that this is enhanced by L. plantarum.

It has been reported that cytokine profiles of TLR stimulated of whole-blood from
elderly individuals is altered compared with young adults, favoring IL-6, TNF, and IL-10
production, at the expense of e.g. IL-12, and IL-1β 344. Our findings in the Ercc1-/Δ7 model
challenge the use of IL-10/IL-12 (or IL-10/TNF) ratios in elderly subjects to screen for
candidate probiotics with anti-inflammatory capacities 340. It might even be that strains
scoring high IL-10/IL-12 ratios are not beneficial in the ageing context, because IL-12
induction is impaired in ageing while IL-10 production is generally elevated 344 (van Beek
et al., unpublished).

We report only minor shifts in gut microbiota composition after each of the bacterial
supplementations. Correlation of microbiota composition with gene expression in
colon revealed an association between higher abundance of Bacteroidetes and gene
pathways involved in tissue polarity and senescence in aged Ercc1-/Δ7 control mice.
Higher abundances of Bacteroidetes in frail or elderly subjects was previously reported
345
, indicating a negative association with ageing.

We also observe mild changes in gene regulation, but GSEA and Ingenuity Upstream
Regulator Analysis show clear effects of L. plantarum and B. breve, which corroborate
histological findings. Endoplasmic reticulum (ER) stress responses or unfolded protein
responses (UPR), were predicted to be activated in the colon of L. casei-treated mice.
Misfolded proteins trigger UPR that is in turn coupled to inflammation 346. With ageing,
ER stress is increased, and UPR are changed 347. Single mutations in mouse Muc2
can cause accumulation of MUC2 in ER which triggers UPR and increased levels of
inflammatory cytokines 348 117. Higher quantitative demands for MUC2 synthesis, such
as an increased bacterial load in contact with the epithelium, which is observed in
ageing mice, will further challenge the endoplasmic reticulum folding system and trigger
UPR and inflammation. A consequence of ER stress is the aggregation of improperly
folded MUC2 protein, defects in polymerization and reduced secretion, explaining the
previously reported reduction of mucus thickness and barrier function in naturally aged
mice (Chapter 4).
To explain why L. plantarum supplementation prevents age-related decline in intestinal
barrier, it might be worthwhile to create or use existing mutant L. plantarum strains.
Testing the wild-type and mutant L. plantarum strains could give insight in the molecules
involved in the interaction with gut microbiota and epithelium. Furthermore, monocolonization with L. plantarum in germ-free Ercc1-/Δ7 mice would give insight into the
effect of only L. plantarum, without interactions with the existing gut microbiota. In
addition, investigation of the capacity to produce polyamines by L. plantarum would be
of interest, as polyamines improved health status and may promote longevity in mice
320 349
.
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We conclude that the Ercc1-/Δ7 model can be used to study the effect of long-term
probiotic interventions on ageing. Our data provide an example of how bacterial
supplementation can restore age-related decline in intestinal barrier, and highlights the
caution needed in the selection of candidate probiotic strains for supplementation to
ageing individuals.
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Supplementary data
Supplementary Table S1: Used antibodies in flow cytometry.
Target

Format

Clone

Company

CD3e

APC-Efluor780
PerCP-Cy5.5

17A2
145-2C11

Ebioscience
BD

CD2

PE

CD4

APC-H7

CD8a

PE

CD11b

APC-Cy7
PE-Cy7

CD16/32

Purified

CD19

PerCP-Cy5.5
APC-Efluor780

CD25

APC

CD45R/B220

BV421

CD68

FITC

IgD

PE
PerCP-Efluor710

Igκ

FITC

Igλ

FITC

IgM

APC
Efluor450

Ki-67

PE-Cy7

Ly6C

PerCP-Cy5.5

Ly6G

BV421

RORγt

AF647

RM2-5

BD

GK1.5

BD

53-6.7

BD

M1/70

BD
Ebioscience

2.4G2

BD

1D3

Ebioscience

3C7

BD

RA3-6B2

BD

FA-11

BioLegend

11.26.2ca
11-26c

BD
Ebioscience

187.1

BD

R26-46

BD

II/41

Ebioscience

SolA15

Ebioscience

HK1.4

Ebioscience

1A8

BD

Q31-378

BD

Supplementary Table S2: Biological processes regulated by bacterial supplementations in ileum of
aged Ercc1-/Δ7 mice treated with L. plantarum (LP), L. casei (LC), or B. breve (BB).
Gene sets significantly regulated (p<0.05, FDR<0.2) by bacterial supplementations compared with control
were determined by gene set enrichment analysis. To highlight prevalent biological functions, gene sets were
manually clustered.
LP

LC

DNA repair

+

-

Barrier function

+*

Nutrient sensing

-

Growth/cell cycle +
Immunity

Metabolism

+

-

-

IgA production, antigen
adaptive immune signaling

+

*a.o. tight junction, integrin 1, E-cadherin

presentation,

-

-

BB

+/- (decreased apoptosis)

-

+/-
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Supplementary Table S3: Biological processes regulated by bacterial supplementations in colon of
aged Ercc1-/Δ7 mice treated with L. plantarum (LP), L. casei (LC), or B. breve (BB).
Gene sets significantly regulated (p<0.05, FDR<0.2) by bacterial supplementations compared with control
were determined by gene set enrichment analysis. To highlight prevalent biological functions, gene sets were
manually clustered.
Growth/cell cycle

DNA repair
Immunity

Barrier function
Metabolism

Nutrient sensing

LP
+
+

LC
+

+
+

UPR = unfolded protein responses

-

+
-

BB

+
UPR +
NOD-like receptor signaling +

-

Wnt signaling +

Supplementary Figure S1: Distribution of B cells and T cells in Peyer’s patches and mesenteric lymph
nodes affected in Ercc1-/Δ7 mice after L. casei treatment. Mean frequencies were determined by flow
cytometry. B cells were defined as CD19+CD3e-, T cells were defined as CD3e+CD19-. Data represent the
mean + S.E.M. from 4-6 animals per group.
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A

T cell proliferation

B

CD86 (naive B2 cells)

Supplementary Figure S2: L. casei supplementation to Ercc1-/Δ7 mice caused decreased T cell
proliferation and altered B cell responses in vitro. A) T cell proliferation was determined by Ki-67
measurements in splenocytes stimulated with ConA for four days. Data represent the mean + S.E.M. from 4-6
animals per group. B) Purified naive B2 cells were cultured for three days in the presence of medium only, LPS,
LPS and IL-4 together, or CpG, after which median fluorescence intensity (MFI) of CD86 was determined. MFI
was expressed relative to three-day cultures of naïve B2 cells derived from control mice. Data represent the
mean + 95% confidence interval from 4-6 animals per group.
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Supplementary Figure S3: Bacterial supplementations affected frequencies of total B cells, (im)mature B
cells, and subsets of pro-pre-B cells in bone marrow of aged Ercc1-/Δ7 mice. Mean frequencies were determined
by flow cytometry. B cells were defined as CD19+CD45R+. Mature and immature B cells were defined as sIgκ/
λ+, pro-pre-B cells as sIgκ/λ-. Small resting pre-B cells were defined by cIgM+CD2+, large cycling pre-B cells by
cIgM+CD2-, and pro-B cells by cIgM-CD2-. Data represent the mean + S.E.M. from 4-6 animals per group.

150

Supplementation with L. plantarum WCFS1 reverts age-related decline of mucus barrier in fast ageing Ercc1-/Δ7 mice

Supplementary Figure S4: Supplementation
with L. casei BL23 affected thymus cellularity
and frequency of double-positive CD3CD4+CD8+ and double-negative CD3-CD4CD8- thymocytes in aged Ercc1-/Δ7 mice.
Mean cellularity and absolute numbers were
determined by cell counts and flow cytometry.
Data represent the mean + S.E.M. from 4-6
animals per group.
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Supplementary Figure S5: Bacterial supplementations do not alter diversity or richness of gut microbiota.
A) Shannon diversity of the five mouse groups at week 6 and 16: Ercc1+/+ control, aged Ercc1-/Δ7 control, aged
Ercc1-/Δ7 supplemented with L. plantarum (LP), L. casei (LC), or B. breve (BB). B) Microbial Richness of the aboveindicated five groups at week 6 and 16. *p<0.05
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Abstract
The objectives of this study were to obtain a better understanding of the mucosal
interactions and immune sampling of bacteria in gnotobiotic and conventional
mice. This study focused on uptake of the bacteria in the small intestinal lymphoid
tissue including Peyer’s patches (PPs) and mesenteric lymph nodes (MLNs).
Lactobacillus plantarum was chosen as a model organism and was administered
to germ-free (GF) mice. Lymphoid and mucosal tissues were collected after
20 hours or after 21 days of colonization. Sections of the ileal and colonic
tissue were fixed or cryopreserved for histochemical and immunofluorescent
microscopy. Different fixation methods were used to visualize the mucus and
determine its thickness in the colon. A new technique was developed to assess
mucus permeability in the small and intestine and colon. The intracellular viable
lactobacilli were enumerated in immune cells isolated from resected PPs and
MLNs of gnotobiotic mice.
Bacteria were not seen below the mucus layers in the colon using different
staining methods, demonstrating that in both the small intestine and colon the
secreted mucus presents a formidable physical barrier to the direct interaction
of bacteria with the epithelial surface. The exception was segmented filamentous
bacteria, which were found underneath the mucus layer and attached to villus
epithelial cells. Lactobacilli were taken up in the organized lymphoid structures
of the small intestine and transported within immune cells to the mesenteric
lymph nodes (MLNs). Sampling of bacteria by PPs is facilitated by the relatively
low abundance of goblet cells and lack of secreted mucus in the dome of the PP.
The recovery of live lactobacilli from immune cells in the PP and MLN indicates
that they are being continuously sampled in the PP and transported through the
lymphatic system to the MLNs.
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Introduction
The gastrointestinal tract (GIT) is a harsh environment and the epithelium is subjected
to continuous physical and chemical assaults from ingested food as well as digestive
secretions including proteases, enzymes, hydrochloric acid and bile acids 350 351.
Furthermore, the intestinal microbiota has potential to cause inflammatory reactions in
the mucosa if they reach the epithelial surface in sufficient quantities 352. For protection,
the gastrointestinal epithelium is covered by mucus, the main constituent being the
secreted gel forming mucin MUC5AC in the stomach and MUC2 in the large and small
bowel 64. Mucins are large glycoproteins where the glycans make up more than 80% of
the molecular mass. Mucin O-gycosylation occurs at the so-called PTS-sequences, which
are rich in proline, threonine and serine, which are highly O-glycosylated and constitute
the mucin domains. The gel-forming mucin MUC2 oligomerizes into large net-like
polymers when the C- and N-termini form disulfide-bond stabilized di- and trimers 353.
Gel-forming secreted mucins are produced, stored, and released by specialized cells
called goblet cells in the intestine, characterized by their distended theca containing
mucin granules 64. In humans, the goblet-to-enterocyte-ratio increases from the
proximal to distal intestine, with an estimated 4%, 6%, 12%, and 16% of goblet cells in
the epithelium of the duodenum, jejunum, ileum, and distal colon, respectively 354.

There are relatively few bacteria residing in the stomach and the proximal small
intestine, but the number increases to approximately 108 bacteria per ml of luminal
content in the distal ileum and around 1011/g in the colon 1. In the colon bacteria are
separated from the epithelium by an inner mucus layer that is physically impenetrable
to bacteria 66. Above the inner mucus layer bacteria are intermingled with lose mucus
and the contents of the lumen 64. Colonic microbiota benefit the host through the
fermentation of otherwise indigestible complex carbohydrates into short-chain fatty
acids, including butyrate, which is used by intestinal epithelial cells as an energy source
352 4
. In the small intestine aggregates of lymphoid follicles known as Peyer´s patches
(PP) are mainly responsible for the induction of adaptive mucosal immune responses,
leading to secretory immunoglobulin A secreting plasma cells in the lamina propria
(LP). The luminal antigens are sampled and transported across the epithelium to the
lymphoid tissue by specialized M cells present in the follicle-associated epithelium
(FAE) overlaying the PP 355 356. Recently it has also been suggested that goblet cells can
act as sampling sites for dendritic cells 357. The presence of goblet cells in the follicular
epithelium and presence of mucus layer over the PP has been differently reported in
the literature suggesting it may vary according to intestinal location or between animal
species 74 87. No consensus has been reached concerning the number of goblet cells on
the domes and whether the PP is covered by a mucus layer 86 88. Recently Ermund et al.,
showed that when mouse ileal biopsies containing PPs were mounted in a horizontal
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Ussing-type Chamber in the presence of secretagogues to stimulate mucus production,
a continuous mucus layer of easily removable mucus covered the dome of the PPs 89.
The flow of mucus over the PP from goblet cells in the villi may be one explanation for
the observations of mucus seen over the PP, although goblet cells were identified in the
follicular epithelium by immunoflourescent staining.

The gastrointestinal mucus system has been relatively poorly explored and understood
as it is essentially invisible and collapses upon the commonly used formaldehyde fixation.
A large step forward was taken by Atuma et al., who could visualize the luminal surface
of the mucus by adding charcoal particles to intestinal explants and measure the mucus
thickness 1. This data was generated on rat intestinal tissue rather than mice, which are
more commonly used for studies of gastrointestinal physiology and pathophysiology.
Mucus permeability has also been assessed using ex vivo tissue mounted in a horizontal
perfusion chamber with the apical surface facing upward 132. Movement of different
sized fluorescent beads through the mucus is then assessed using confocal microscopy.
However, these techniques, require specialized microscopy equipment and can only
be performed for up to 2 hours after mounting, making them too labour intensive to
perform on multiple experimental animals in intervention or challenge studies.

Assessing the mucus thickness by histological methods is complicated by the fact that
it collapses in formaldehyde fixed-histological sections. However, the Carnoy fixation
and paraffin embedding technique prevents complete shrinkage of the mucus and has
been used to assess mucus thickness by immunofluorescent antibody or PAS/Alcian
blue staining in mice. There are no comparative studies on mucus thickness in mice
using different histological approaches. Thus first aim of this study was to compare
measurements of mucus thickness throughout the mouse intestinal tract including the
Peyer’s Patches (PP) using different histological methods and determine the location
and immune sampling of bacteria in conventional and GF mice monocolonised with a
model commensal organism Lactobacillus plantarum. Lymphoid and mucosal tissues
were collected after 20 h or after 21 days of colonization with L. plantarum when the
mucosal immune system had reached maturity. Sections of the ileal and colonic tissue
were fixed or cryopreserved for histochemical and immunofluorescent histochemistry.
Immune cells were isolated from the resected PPs and MLNs for enumeration of
intracellular lactobacilli. For comparison, tissue and organ samples were also collected
from conventional mice of the same genetic background as the GF mice. Additionally an
ex vivo technique was developed to investigate mucus permeability, using fluorescent
beads of 1, 2 and 10 μm diameter. Distance between beads and epithelium was measured
and compared with distance between bacteria and tissue in natural conditions.
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Materials and Methods
Animals
The in vivo studies were conducted under the oversight of the Crown Research Institute
Animal Ethics Committee (Palmerston North, New Zealand) according to the New
Zealand Animal Welfare Act 1999, Animal Ethics application number 12501. For the
in vivo studies, conventional Balb/c mice (CLEA Japan, INC. Tokyo, Japan) were housed
under specific pathogen-free conditions. All mice were fed AIN-93M diet (Research
Diets, New Jersey, US) and were housed with 12 hour light/dark cycles and at an
environmental temperature of 21-22°C. Germ-free (GF) Balb/c mice from the same
supplier were housed in individual cages within gnotobiotic isolators and given the
same diet sterilised by gamma-irradiation (25 kGy), and autoclaved sterile water. All
bedding material was sterilized by gamma-irradiation (25 kGy). Access to food and
water was provided ad libitum, and food intake was measured weekly.
For the ex vivo studies, male C57BL/6 mice were housed in a specific pathogen-free
environment with ad libitum access to 10% fat diet (Research Diets Services BV, Wijk
bij Duurstede, the Netherlands), and acidified tap water in a 12-hour light/dark cycle.
The Animal Ethics Committee of the University of Wageningen (Wageningen, the
Netherlands) approved these animal experiments.
Histology

Whole tissue from duodenum, jejunum, ileum (including PPs), proximal colon, and distal
colon with faecal content was fixed in methanol-Carnoy’s fixative. Five micron-thick
paraffin sections of tissue were attached to poly-L-lysine-coated glass slides (Thermo
scientific, Germany). After overnight incubation at 37˚C, slides were deparaffinised
using a series going from xylene to distilled water with decreasing ethanol steps.
Sections were stained in 3% (w/v) Alcian Blue (8GX Acros Organics, New Jersey, USA)
for 35 min, rinsed in running tap water for 2 min and then rinsed in distilled water.
The sections were submerged in periodic acid 0.5% (w/v) for 10 min and rinsed for 1
min in distilled water. After this washing step the sections were incubated in Schiff’s
reagents (Merck, Germany) for 45 min and washed in freshly prepared SO2 water (10 ml
of 10% K2S2O5 (Merck, Germany), 10 ml of HCl (1 mol/L) and 180 ml of distilled water)
for 3 times 2 min, followed by a washing step in tap water for 5 min. After this step the
sections were submerged 2 times for 3 min in 100% ethanol followed by submersion in
xylene for 3 times 5 min, and then finally mounted in DPX mounting reagent (BDH Gurr
Certistain, England) and air-dried overnight at 37˚C.
Sections were also stained with Crossmon Trichrome. Muscles were stained in red and
collagen in green with orange G. Acid fuchsin was used to stain bacteria. After washing
in distilled water, light green 1% solution was used as a counterstaining for mucus.
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After this step the sections were submerged 2 times for 3 min in 100% ethanol followed
by submersion in xylene for 3 times 5 min, and then finally mounted in DPX mounting
reagent (BDH Gurr Certistain, England) and air-dried overnight at 37˚C.
Immunohistochemistry

Paraffin sections of both ileum and colon were cut at 5 µm and attached to poly-Llysine-coated slides (Thermo scientific). After overnight incubation at 37˚C, slides
were deparaffinised as above. An antigen retrieval step was performed by heating the
sections for 20 min in 0.01 M sodium citrate (pH 6.0) at 100˚C. Sections were washed for
3 h with 3 changes of PBS. A blocking step to reduce non-specific binding was included
using 5% (v/v) goat serum (Invitrogen, Life technologies Ltd, Paisley, UK) in PBS for 30
min at room temperature. MUC2 was detected by incubating the sections with a custom
designed anti-MUC2 antibody 66 diluted 1:500 in PBS containing 1% (v/v) goat serum
and incubated overnight at 4˚C. After primary incubation, sections were washed 3 times
in PBS for 10 min, and the staining was visualized using a secondary antibody (goatanti-rabbit Alexa 488 or Cy3; Invitrogen, Carlsbad, CA, USA). DNA was stained using
0.1% DRAQ5 (Invitrogen Invitrogen, Carlsbad, CA, USA). Images were acquired using a
laser-scanning microscope.
Fluorescent in-situ Hybridization (FISH)

The slides were deparaffinised with xylene and rehydrated in a series of ethanol
solutions to 100% ethanol. The tissue sections were incubated with the universal
bacterial probe EUB338 (5’-GCTGCCTCCCGTAGGAGT-3’) (Isogen Bioscience BV,
De Meern, the Netherlands) conjugated to Alexa Fluor488. A ‘non-sense’ probe
(5’-CGACGGAGGGCATCCTCA-3’) conjugated to Cy3, was used as a negative control.
Tissue sections were incubated with 0.5 μg of probe in 50 μL of hybridization solution
(20 mmol/L Tris-HCl (pH 7.4), 0.9 mol/L NaCl, 0.1% (w/v) SDS) at 50°C overnight in a
humid environment using a coverslip to prevent drying of the sample. The sections were
washed (20 mmol/L Tris-HCl (pH 7.4), 0.9 mol/L NaCl) at 50°C for 20 min. Sections were
washed 2 times in PBS for 10 min in the dark and incubated with DRAQ5 (Invitrogen)
(1:1000) for 1 h at 4°C to stain nuclei. Sections were washed 2 times in PBS for 10 min,
mounted in fluoromount G (SouthernBiotec, Alabama, USA) and stored at 4°C.
An ex vivo method for assessing mucus permeability

Segments of small intestine and colon of about 3 cm long were cut. One side of the
tissue was shut with surgical suture, and a suspension of 1 µm, 2 μm and 10 μm
fluorescently labelled Melamine Resin Particles (Sigma) mixed in PBS, or a solution of
5% (w/v) corn-starch, were gently introduced into the lumen using a catheter and the
segment sealed with another suture. After incubation in RPMI in a shaking incubator
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(300 rpm) at 37°C, the tissue was snap frozen and stored at -80°C. The tissue was then
cryosectioned, and post-fixation performed with absolute ethanol for 15 minutes,
followed by hydration in a series of solutions containing a decreasing percentage of
ethanol in demineralized water. PAS/AB staining was performed as above and confocal
laser scanning microscopy was performed on sections incubated in 0.1% DRAQ5 in
PBS and mounted with Fluoromount-G (see above). Bead distribution in the tissue was
visualized by 3D projection through z-stacks (Fig. 1).
A

B

Figure 1: Outline of the ex vivo protocol to
study mucus permeability. A suture is made
at one end of a section of the small intestine
or colon (A). Using a catheter suspension
of beads in 5% corn starch were gently
introduced to the lumen and the tissue
segment tied with another suture (B). The
tissue is then ready for emersion in RPMI
and incubation at 37°C (C).

C

Mucus thickness measurement
Segments of small intestine and colon containing faecal pellets were cut, cryosectioned,
fixed with ethanol, and stained with PAS/AB (see above). The thickness of the firm
mucus layer was measured every 100 µm in transversal sections of the colon, where the
mucus layer was homogenous and the tissue undamaged. The average mucus thickness
was calculated for each slide and a total of 5 slides per tissue sample were processed.
Pictures of the slides were processed in silico using ImageJ, measuring thickness by
conversion of pixels to distance using the scale provided by microscope.
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Bacteria
L. plantarum strain WCSF1, was cultured at 37°C in deMan, Rogosa Sharpe (MRS)
medium containing 5 µg/ml erythromycin overnight and stored in aliquots in MRS plus
10% (v/v) glycerol at -80°C. On the day of administration, one aliquot was thawed and
grown in MRS plus 5 mg/ml erythromycin to an OD at 600nm of 1-1.5, then harvested
by centrifugation, washed in PBS and resuspended in sterile PBS prior to inoculation.
In vivo experiment and collection of tissue samples

GF and conventional mice were divided in 2 groups, each of which received different
treatments and 2 control groups.

Figure 2: Outline of the in vivo experiments performed on germ free (GF) and conventional (conv) Balb/c
mice; Lp, L. plantarum.

GF mice from group 1 (n=6) and conventional mice from group 2 (n=6) received 108
CFU/100 µl of L. plantarum by oral gavage on day 1 and were euthanized 20 h later
(n=6); GF mice from group 3 (n=4) and conventional mice from group 4 (n=4) received
100 µl of PBS by oral gavage on day 1 and were euthanized 20 h later; GF mice from
group 5 (n=6) and conventional mice from group 6 (n=6) received 108 CFU/100 µl of L.
plantarum by oral gavage on day 1 and day 21 and were euthanized 20 h after day 21
and GF mice from group 7 (n=4) and conventional mice from group 8 (n=4) received
100 µl of PBS by oral gavage on day 1 and day 21 and were euthanized 20 h after day 21.
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For splenocyte isolation, spleens were gently pushed through 100 µm gauge cell
strainers. The cell suspension was made up to 10 ml with PBS (4°C), and then centrifuged
at 300 g (4°C) for 5 minutes following which the supernatant was discarded. Red blood
cells were lysed by adding 2 ml of ACK lysis buffer (150 mM NH4Cl, 1mM KHCO3, 0.1
mM Na2EDTA pH 7.3). Cells were then incubated for 5 minutes at room temperature.
Lysis was stopped by adding 10 ml of PBS (4°C) to each tube, which were then mixed by
inversion, followed by centrifugation at 300 g (4°C) for 5 minutes. The supernatant was
discarded and the cell pellet resuspended in 1 ml of PBS (4°C).

Mesenteric lymph nodes (MLNs) were removed in situ from mesenteric tissue, the fat
removed from the lymph nodes before the MLN were dispersed by pushing through 100
µm gauge cell strainers. The cell suspension was washed by adding 10 ml of PBS (4°C),
followed by centrifugation at 300 g (4°C) for 5 minutes. The supernatant was discarded
and the cells re-suspended in 1 ml of PBS (4°C).
PP were dissected from the ileum, pierced with a syringe needle, and then incubated
in 3 ml of Rosewell Park Memorial Institute (RPMI) medium with collagenase type IV
(Sigma C5138, 100 U/ml) in a shaking incubator at 15 min at 37°C. The collagenase
was then neutralised by adding 9 ml of RMPI + 10% (v/v)FCS. The cell suspension was
filtered by passing through a 100 µm gauge cell strainer. The cells were then centrifuged
at 300 g (4°C) for 5 minutes. The cells were washed once more by adding 10 ml PBS
(4°C), followed by centrifugation at 300 g (4°C) for 5 minutes. The supernatant was
discarded and the cell pellet was resuspended in 1 ml of PBS (4°C).

To enumerate live bacteria, serial dilutions of PBS suspension with single cells isolated
from spleens, MLNs and PPs of mice were plated on de Man, Rogosa, Sharpe medium
(MRS).

Results

Mucus structure and thickness in the small and large intestine of GF, monocolonized
and conventional mice
Carnoy’s fixation and paraffin embedding followed PAS/Alcian blue staining of mucins
revealed a thin mucus layer around the villi in the duodenum and jejunum, while in the
ileum it was observed as a thicker layer on top of the villi spatially separating the luminal
contents including bacteria from contact with the epithelium (Fig. 3). Fewer goblet cells
were present in the epithelium of the small intestine than in the colon. The same results
were found in monocolonized mice and conventional mice (Supplementary Figure
S1). In GF mice, the firm mucus layer in the colon was thinner suggesting less mucus
production (Supplementary Figure S1b), but after 21 days of colonization the thickness
was similar to that of conventional mice (Supplementary Figure S1c). The mucus layer
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was also thinner in GF mice colonised with L. plantarum for 20 h, than in mice, colonized
with L. plantarum for 21 days (not shown). FISH staining of bacteria showed that most
of the bacteria were above the mucus on top of the villi, although a few bacteria were
occasionally observed in the mucus being expelled from goblet cells near the top of the
villi (Fig. 3B). Additionally we evaluated Crossmon staining as a method to visualize
bacteria and mucus in ileum and colon (Fig. 3 C, D and E). The mucus itself is not as darkly
stained by this method, although a spatial separation of bacteria from the epithelial was
just as apparent as with immunofluorescent microscopy. In the ileum of conventional
mice and L. plantarum colonized mice (21 days), the location of the bacteria was the
same as that observed using FISH, the exception being conventional mice supplied by
CLEA Japan, INC. (Tokyo, Japan) where segmented filamentous bacteria (SFB), were
observed underneath the mucus layer and attached to the villous epithelium (Fig. 3C
and D) 358. Only a few bacteria were seen in the lumen of L. plantarum colonized mice (1
day) (not shown). As expected no bacteria were observed in GF mice (Fig. 3C).
A

B

D

E

C

Figure 3: Mucus morphology in the small intestine fixed in Carnoy. PAS/Alcian Blue staining of the ileum (A).
Mucus (red) and bacteria (green) co-stained with anti-MUC2 antibody and EUB338-Alexa488 FISH probe,
respectively, on a DRAQ5-stained tissue (blue). Scale bars: 50 μm (B). Sections of Carnoy’s-fixed ileum from a
conventional mouse stained with Crossmon (C) and FISH (SFB in green, mucus in red) (D). A germ-free mouse
stained with Crossmon (E) Arrows in C indicate segmented filamentous bacteria.

In PAS/Alcian blue stained sections of Carnoy-fixed tissue the thickness and location
of the colonic mucus is dramatically different to the small intestine. The mucus forms
two layers with different physical properties as previously described 77. A firm mucus
layer was located between the epithelium and the luminal content (Fig. 4A). This layer
was relatively devoid of bacteria, as evidenced immunofluorescent detection of MUC2
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and FISH detection of bacteria (Fig. 4B). The bacteria were present in the layer of ‘loose’
mucus above the firm layer, which is also mixed with the faecal material (Fig. 4B). When
the mucus layer was seen to be homogeneous, measurements of mucus thickness (10
per picture) were performed using ImageJ software and the average mucus thickness
calculated to be 23 μm (± 6 μm) in healthy mice (not shown). The spatial separation
of bacteria from the epithelium was also observed in Crossmon stained colon sections
from gnotobiotic mice and conventional mice.

Figure 4: Mucus morphology in the colon fixed with Carnoy. PAS/Alcian Blue staining of the colon (A). Mucus
(red) and bacteria (green) co-stained with anti-Muc2 antibody and EUB338-Alexa488 FISH probe, respectively,
on a DRAQ5-stained tissue (blue). Scale bars: 20 μm (B). Sections of Carnoy’s-fixed colon from conventional
mouse stained with Crossman (C). Sections of Carnoy’s-fixed colon from a L. plantarum colonized mouse after
1 day stained with Crossman (D). Sections of Carnoy’s-fixed colon from a L. plantarum colonized mouse after
21 days stained with Crossman (E). Arrows in C indicate L. plantarum present in the loose mucus.

In the colon of conventional mice, the microbiota could be visualized on top of the firm
mucus layer covering the epithelium and within the loose mucus and faecal material
(Fig. 4B) 66. A few bacteria were observed in the loose colon mucus in L. plantarum
monocolonized GF mice, but they do not resemble the bacteria observed in conventional
mice (Fig. 4C). As expected, no bacteria were seen in the ileum or colon of GF mice even
at higher magnification (Supplementary Figure S2).
As mucus structure and thickness might be altered by the method used to fix or stain
the tissue similar measurements were made using cryopreserved tissue and a different
technique. Fresh tissue samples were first frozen in liquid nitrogen with luminal faeces
to keep the mucus in place. Thicker sections were prepared (18 μm) than with Carnoy’sfixed tissue (5 μm) to maintain faeces in the lumen and visualize the mucus layers (Fig.
5). After cryosectioning different post-fixation protocols were used to optimize the

163

7

Chapter 7

preservation of the mucus layer. Preservation of the mucus structure was obtained by
post-fixation in absolute ethanol and measurements of mucus thickness resulted in an
average thickness of 25 μm (± 4 μm), which was in good agreement with that obtained
using Carnoy’s-fixative. Thus this technique could be a valuable alternative to Carnoy’s
fixation, allowing immunohistochemical staining with many antibodies that do not
work after water-free fixation such as Carnoy.

Figure 5: PAS/Alcian Blue staining of the large intestine after cryopreservation and cryosectioning (A) or
Carnoy fixation (B). Arrows point the inner mucus layer. Scale bar: 100 μm.

Assessment of mucus permeability using a novel ex vivo method
Mucus secreted by healthy explants of colon tissue mounted in Ussing chambers
has been shown to be impermeable to bacteria but there are no studies on the small
intestine. To measure permeability of the small intestinal mucus we developed a novel
ex vivo technique to preserve the mucus and assess its permeability to beads of different
sizes (1, 2 and 10 μm). The beads were perfused in the lumen of an ileum segment and
incubated with shaking in RPMI culture medium for 30 minutes at 37°C. After incubation,
tissue was snap frozen in liquid nitrogen, prepared for cryosectioning and the location of
fluorescent beads was subsequently visualized by laser scanning confocal microscopy.
In the small intestine the smallest fluorescent beads (1 and 2 μm) were found within
the small intestinal mucus and occasionally in contact with villus epithelial cells (Fig. 8
C-D). A 3D projection revealed that some of the beads associated with the tissue were
not on the surface of the cut section (Supplementary Figure S3). Thus we concluded
that some beads were actually inside the tissue and not moved over the tissue surface
during sectioning. In contrast, the mucus in the colon was impenetrable to beads 1-2
um and larger (Fig. 6 A-B). These results showed that mucus in the small intestine is
more easily penetrable by 1-2 μm particles than the mucus in the colon.
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Figure 6: PAS/Alcian blue staining of proximal colon (A) and ileum (C) sample perfused with mix (1,2 and
10 μm) of melamine beads solution. Tissue is stained in pink, mucus in blue. Black arrows point to beads in
tissue. Localization of fluorescent beads of 1 μm (green), 2 μm (red) and 10 μm (bright blue) in proximal colon
(B) and ileum (D). Cell nuclei are visible as irregularly shaped blue elements. Bead localization is pointed by
white arrows. White dotted lines indicate the position of the inner mucus layer in the colon.

The domes of PPs are not covered by mucus and contain few goblet cells
The presence of mucus overlaying the PP and goblet cell numbers were investigated by
staining Carnoy’s-fixed tissue PAS/Alcian Blue. The PP from (5 individual mice) lacked
a mucus layer over the dome and goblet cells in this region of the follicular epithelium
(Fig. 7A). A few MUC2-stained goblet cells were identified at the periphery of the Peyer’s
patch dome, close to the villi. The secreted mucus forms a layer around the villi but does
not cover the dome of the PP (Fig. 7B). Therefore, the luminal content will be in contact
with the follicular epithelium allowing immune sampling by M cells in the follicular
epithelium (Fig. 7C).
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Figure 7: A Carnoy’s-fixed Peyer’s patch in the ileum of a
mouse. PAS/Alcian blue staining of a Peyer’s patch in the ileum.
Arrows point to goblet cells on the dome of a Peyer’s patch (A).
Immunofluorescent mucus staining (red) at a Peyer’s patch (B). A
bacterium inside the PP (red) stained with EUB338-Alexa488 FISH
probe; nuclei were visualized by DRAQ5 straining (blue) (C).

Viable L. plantarum can be recovered from immune cells within the PP and MLNs
To investigate immune sampling of bacteria in PP and the migration of bacteria within
immune cells in the lymphoid system, resected PPs and MLNs from both groups of mice
were used to generate immune cell suspensions that were counted and then gently lysed
and plated on agar plates to enumerate bacterial colony forming units. As expected, no
bacteria were recovered from the PPs of GF mice but live bacteria were recovered from
PPs of all the mice colonized by L. plantarum (Table 1). The CFU of bacteria recovered
per host immune cell was highly variable between mice and in the range of 10 to 100
CFU per million immune cells at 20 h and 21 days, although the CFU/cell tended to be
higher in the group of mice colonized with L. plantarum for 21 days (Table 1). These
counts most likely underestimate the total number of L. plantarum in PPs and MLNs
cells, because we previously showed that L. plantarum is killed by mouse macrophages
and DCs in 1-2 hours 359.

In mice colonized by L. plantarum, bacteria were recovered from MLN cells presumably
due to phagocytosis by dendritic cells in the PP or lamina propria that can migrate to
the draining lymph nodes and induce T cell responses. There was a large variation in
CFU count and for some mice no bacteria were detected, although only some of the
MLNs were used for this experiment. L. plantarum was recovered in low numbers from
the splenic cells of only one mouse although this was probably not due to bacteraemia
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as the mouse appeared normal. It is possible that antigen-presenting cells from the
gut-associated lymphoid tissue carrying L. plantarum entered the circulation and were
detected in the spleen.
Table 1: CFU of L. plantarum recovered from isolated lymphoid cells from individual GF mice inoculated with
L. plantarum for the indicated amount of time.
Inoculation

L. plantarum
L. plantarum
L. plantarum
L. plantarum
L. plantarum
L. plantarum
L. plantarum
PBS
PBS
PBS

CFU/106cell
PP 20 h

CFU/106cell
MLN 20 h

CFU/106cell
PP day 21

CFU/106cell
MLN day 21

CFU/106cell
Spleen day 21

97.1

62.2

1330

21.7

zero

37.6

4230

1.26

zero

25

12.2

Zero

zero

No PP

zero

814

zero

10.5

27.2

144

186

163

Zero

0.909

1050

6.69

zero

zero

zero

Zero

zero

zero

zero

Zero

1080
97.1

zero

62.2

zero

1330
zero

21.7

Zero

20.8

zero
zero
zero
zero
zero
zero

Discussion
Recent studies in mice have shown that in the colon, the secreted mucus forms a firmly
adherent layer on top of the surface of the epithelium that is devoid of bacteria and
an outer ‘loose’ mucus layer that is contact with bacteria and faecal material 360. This
observation was made in tissue sections fixed in a water-free fixative such as Carnoy, to
maintain the lumen material and preserve the structure of the mucus layer 123. In the colon
the firm mucus layer on top of the epithelium appears to be stratified and more intensely
stained than the loose mucus using Alcian blue/PAS staining suggesting this layer
contains a higher concentration of mucin glycoprotein or constitutes a more condensed
form. Carnoy fixative is known to be aggressive and change protein conformation 361 362
363
therefore, we investigated the use of other techniques which naturally fix the tissue
and keep the structure and properties of the intestinal mucus. The cryosections needed
to be around 18 μm thick to keep faecal content in the section and preserve mucus
morphology and structure. For both methods the thickness of the inner mucus layer in
the colon was 23 to 25 μm and the overall structure was comparable (Fig 5). Paraffin
sections do not show a gap between tissue and faeces, suggesting the section might
shrink in its entirety. This shrinking might also occur during fixation in Carnoy’s fixative
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prior to paraffin embedding, although it was reported to be minimal 364. One advantage
of the cryosection method is that loss of antigenic epitopes is less problematic than in
Carnoy’s fixative, providing more options for immunohistochemistry.

Although the thickness varied between tissue sections, the firm mucus in the colon was
notably thinner in GF mice, but after colonization with L. plantarum for 21 days, it was
similar to the conventional group. This is consistent with published observations of
reduced mucus production in GF animals and with the concept that metabolites and
other components of the microbiota are key regulators of colonic mucus secretion 365 366.
The appearance of both firm and loose mucus in GF mice suggests that the conversion of
firm mucus layers into loose mucus does not depend on the presence of bacteria. Using
FISH and the Crossmon staining method combined with Carnoy’s fixation we were able
to visualize the compartmentalization of the microbiota to the loose outer mucus layer
in the colon, as previously described using immunofluorescent microscopy 66. Although
microscopy techniques cannot exclude the presence of small numbers of bacteria in the
firm mucus, it is evident that these events are rare. Previously Johansson et al., showed
using semi-quantitative qPCR of the bacterial 16S gene that there was bacterial DNA
present in the firm mucus, but it was much less than in the loose mucus 66.

The mucus layer in the small intestine appears to be thinner, as previously demonstrated
using different techniques 1, and has the appearance of densely stained strands residing
between the villi and in-between the tops of the villi and the ileal content. Bacteria
rarely penetrated the mucus layer in the small intestine, and when observed only single
bacteria were seen in contact with the epithelium. However, the small intestinal mucus
appeared to be permeable to the smallest fluorescent beads (1-2 μm green beads),
some of which were seen in direct contact with epithelium and inside the tissue. The
exclusion of bacteria may therefore be due to sIgA and secreted antimicrobial proteins
(e.g. Reg3β and Reg3γ) in the mucus, which have been shown to contribute to the spatial
compartmentalization of bacteria 78 22 70. In conventional mice bacteria are rarely seen
in contact with the epithelium although microbial metabolites and other components
might be able to diffuse through the firm mucus layer to trigger epithelial signalling
and crosstalk to the immune cells in the lamina propria. The exception is SFB which are
known to be present in small intestine of mice from some suppliers. The most intriguing
feature of SFB is their apparent intimate association with epithelial cells in the terminal
ileum and their capacity to stimulate Th17 effector cell differentiation which contributes
to protection against infection 358.

In all mouse PPs examined, the domes of the PP were not covered in mucus and goblet
cells tended to be at the edges of the PP close to adjacent villi. This is consistent with
the recovery of live L. plantarum from immune cells isolated from the PPs and MLNs of
monocolonized mice. The counts of viable L. plantarum were highly variable between
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mice, which may have been influenced by the location of the PPs or MLNs but overall,
higher numbers of bacteria per cell (up to 1 in 236 total cells) were recovered from
mouse PPs after 21 days colonization than after 20 h colonisation. This is likely to be
an underestimate of the number of L. plantarum sampled by DC as they are killed in the
phagosome with a few hours 341. DCs are estimated to be around 2% of the total PP cell
population depending on the gender of the mice 367, suggesting that a high proportion
of PP DCs might be associated with bacteria. MLNs were also found to contain viable
L. plantarum, but the numbers were lower than in PPs. As L. plantarum were not seen
in contact with the epithelium in the ileum, it seems most likely that DCs in the PPs
migrated through the lymphatics to the draining lymph nodes. The lower CFU recovered
from the MLNs may be due to the variability of counts in the resected MLNs and or
extended time of L. plantarum in APCs increasing the likelihood of phagosomal killing.
The preliminary study described in this chapter focused on PPs and antigen sampling.
However, the colon also contains an additional type of lymphoid tissue, the solitary
intestinal lymphoid tissues (SILT), which can develop in mature isolated lymphoid
follicles (ILFs) 368-370. Like the PPs, ILFs can also function as inductive sites for mucosal
immune responses 369.

In summary, we show that the mucus structure and thickness are maintained in thick
cryosections of intestinal tissue and comparable to that observed using Carnoy fixative,
thereby providing more options for immunohistochemistry. The mucus structure and
thickness was similar in conventional and monocolonized mice and equally effective
at compartmentalising the bacteria to the lumen. In the small intestine the mucus
is thinner and more permeable to small 1-2 μm beads than the colon. Nevertheless,
bacteria were rarely seen in contact with the villi, the exception being SFB. In L.
plantarum monocolonized mice viable bacteria were recovered from isolated immune
cells in the PP and MLN cells (most likely within DCs). L. plantarum is rapidly killed by
DCs and macrophages, implying that immune sampling occurred at much higher rates
than that estimated by recovery of intracellular viable bacteria. As contact of intact
bacteria with the small intestinal epithelium was rarely observed, uptake in the PPs
or ILFs seems to be the predominant mechanism for immune sampling of commensal
bacteria. This appears to be facilitated by anatomical features of the PPs, which lacked
mucus on top of the PP dome in vivo and relatively few goblet cells in the follicleassociated epithelium (FAE).
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Supplementary data

Supplementary Figure S1: Sections of Carnoy’s-fixed colon (a, b and c) and ileum (d, e and f) from a
conventional mouse (a, d), germ free mice (b, e) and a germ free mouse administered L. plantarum (c, f) on
day 1 and 21. Sections were stained with Alcian blue/PAS. White arrows in a, b and c indicate the firm mucus
layer. Blue stained goblet cells are seen in the colon crypts (a, b, c) and villus epithelium (d, e, f). F, fecal
material in colon.
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Supplementary Figure S2: Sections of
Carnoy’s-fixed colon from a conventional
mouse (a and b) and a germ-free mouse (c)
were stained with Crossmon reagents to
visualize cells and mucus (a and c) In panel
B, faecal pellet and epithelial cells are partly
visible. Arrows indicate bacteria sitting on
top of the firm mucus layer. Scale bars: 50
μm.

7

Supplementary Figure S3: Localization of fluorescent beads of 1 μm (green), 2 μm (red) and 10 μm (bright
blue) in the small intestine (A) and large intestine (C). Cell nuclei are visible as irregularly shaped blue
elements. 3D projections at 90° of small intestine (B) and large intestine (D). The tissue and the beads are in
the same view, proving that the beads seen inside the ileal tissue are not there because of a technical issue.
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The first direct evidence for the role of epithelial integrity in preventing intestinal
inflammation came from a chimeric mouse model in which cells of the crypt villus
axis small bowel expressed a dominant negative mutant of N-cadherin, thereby
disrupting the cell-to-cell interactions that help to maintain junctional integrity and
epithelial regeneration 265. The regions of the intestine expressing N-cadherin were
more leaky than the areas expressing E-cadherin and developed focal lesions due to
inflammation. Since then, knockout mice with defects in in the pathways maintaining
epithelial integrity, epithelial stress responses or the regulation of mucosal immune
responses have been shown to lead to barrier disruption and colitis triggered by
bacterial antigens and microbe-associated molecular patterns (MAMPs) 371 266 267 268 343.
Despite these observations it has become evident that homeostasis is not maintained
by “passive mechanisms” involving a lack of responsiveness to microbes. Indeed Tolllike receptor (TLR) activation by commensal bacteria was shown to be crucial in the
recovery from epithelial damage induced by Dextran Sodium Sulfate (DSS) 342. Similarly,
mice with a knockout of NEMO (i-kappa kinase gamma), an activator of NF-κB, develop
spontaneous colitis due to the role of NF-κB in inducing epithelial repair and innate
effector mechanisms in the intestine 343. Additionally, TLR signalling, and in particular
TLR-2 signalling and PKCα and PKCδ activation has also been implicated in tight
junction (TJ) regulation through effects on TJ protein phosphorylation and composition
in the intestine 297.

The importance of having secreted mucus in the intestine is evident from research
on mucus-deficient mice which develop spontaneous colitis after weaning 118 121 193.
In other murine models of intestinal inflammation a decline (or even absence) of the
mucus layer has been shown to contribute to the pathophysiology 110 111. Thus the
epithelial barrier is dynamic and the biological mechanisms controlling its maintenance
and renewal are crucial for homeostasis and intestinal health. Despite the recent
advances in our understanding of the complex mechanisms maintaining epithelial
barrier functions there is still much to be learned about the role of mucus, the effects
of ageing on the gut barrier and the consequences of a dysfunctional mucus barrier
on host responses. With these aims in mind the specific objectives were to study the
effects of mucus deficiency, which is a feature of inflammatory bowel disease (IBD), and
the effects of ageing and gender differences on mucus production and other aspects
of intestinal homeostasis and microbiota. Different mice models and multidisciplinary
approach including transcriptomic, microbiota profiling and histology were used to
explore the role of mucus in the intestine of healthy and diseased mice as well as ageing
mice. The new knowledge and insights gained from these studies and remaining gaps in
our understanding are discussed in the following sections.
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The structure, organization and functions of intestinal mucus
The necessity of the mucus barrier to prevent colitis was first demonstrated in the
Muc2-/- mice which spontaneously develop colitis after about 4 weeks 118 119 120. The weaning
period was associated with the onset of colitis, evidenced by increased thickness of the
mucosa associated with hyper-proliferation, apoptosis in crypts, ulceration accompanied
by faecal blood, and weight-loss 121 193. In these initial studies no pathology was described
in the ileum and possible effects of mucus deficiency on small intestinal physiology and
long-term health were not investigated.

In healthy conventional mice, the colonic secreted mucus forms a firmly adherent layer
(about 25 μm thick) on top of the surface of the colon epithelium that is devoid of bacteria
1
(Chapter 7). An outer ‘loose’ mucus layer is also visible that is contact with bacteria and
faecal material 360 (Fig. 1). The firm mucus layer is notably thinner in germ-free (GF) mice,
but increases to the thickness of conventional mice after colonization (Chapter 7).
A

B

Figure 1: Structure and organization of the secreted intestinal mucus barrier in the mouse intestine (A: large
intestine ; B: small intestine).
Legend: IEL: Intra-epithelial Lymphocytes
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This is consistent with published observations of reduced mucus production in GF
animals and with the concept that bacterial short-chain fatty acid metabolites and other
components of the microflora are key regulators of colonic mucus secretion 365 366 372.
The appearance of both firm and loose mucus in GF mice suggests that the conversion
of firm mucus layers into loose mucus does not depend on the presence of bacteria.
The visualization of a firm mucus layer is possible only by using specific histological
techniques, that preserve the structure of the mucus layer such as Carnoy fixative. The
presence of a faecal pellet in the lumen is essential to get a firm homogenous mucus
layer between the faeces and the epithelium. Thus our knowledge of the structure of
mucus layers in vivo and in humans is largely based on the results of histology in rodent
models.
In the mouse small intestine, the epithelial surface from the crypt bottoms to the villi tip
is completely covered by mucus that seems not to be attached very rigidly 1 77 (Chapter
7). This loose structure may facilitate nutritional uptake, but also bacterial sampling.
Glycosylated MUC2 was recently shown to confer tolerogenic properties to epithelialassociated dendritic cells (DCs) through interaction with a galectin 3-dectin 1-FcγRIIB
receptor complex 92. Lamina propria (LP) DCs of Muc2-/- mice produce increased
amounts of pro-inflammatory cytokines and decreased amounts of anti-inflammatory
cytokines than conventional mice. This was consistent with fewer regulatory T cells
in the small intestinal mucosa of Muc2-/- mice. Additionally, glycosylated MUC2 was
shown to promote tolerance to ovalbumin (OVA) in an OVA-induced delayed type
hypersensitivity (DTH) response to mice immunized systemically with OVA. In Muc2-/mice tolerance was not induced but restored when OVA was administered by gavage in
combination with MUC2. MUC2 also enhanced epithelial expression of B cell cytokines
and trypsin-like serine protease, promoting development of tolerogenic DCs and antiinflammatory mechanisms contributing to gut homeostasis, possibly through the same
receptor-complex 92. Despite the absence of these tolerogenic mechanisms Muc2-/- mice
do not develop ileitis in our hands (Chapter 2). The only noticeable morphological
difference between wild type (WT) and Muc2-/- mice was an increased length of the villi
due to hyper-proliferation of the intestinal epithelium.

To explore the mechanisms maintaining homeostasis in Muc2-/- and Muc2+/- mice we
obtained transcriptomics data from the ileum at 2, 4, and 8 weeks old mice. Gene set
enrichment analysis (GSEA) of genes significantly expressed in increased quantities
in Muc2-/- ileum was consistent with up-regulation of epithelial cell proliferation and
increased villus length (Chapter 2). Reg3 genes were also significantly up-regulated
in the ileum of Muc2-/- and Muc2+/- mice after weaning. Expression of REG3 proteins
is induced during infection or inflammation (24), and was shown to be dependent on
IL-22 signalling (25), a finding consistent with enhanced IL-22 signalling in the Muc2-/transcriptome (Chapter 2). IL-22 also regulates cellular stress response, apoptosis, and
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wound healing pathways in intestinal epithelial cells (IECs) via the signal transducer
and activator of transcription 3 (STAT3) pathway (26). LP ILC3 were recently shown
to produce IL-22 through sensing of bacteria via an unknown mechanism 27 leading to
increased expression of REG3 proteins and FUT2. The Fut2 gene, encoding an α-1,2fucosyltransferase responsible for enzymatic linkage of α1,2-linked fucose to cell
membrane attached and secretory mucins of the intestinal mucosa 28, was significantly
up-regulated in the ileum of adult Muc2-/- mice (Chapter 2). It has been shown that
at weaning when the transition toward adult-type colonization by microbiota occurs,
Fut2 mRNA is increased leading to expression of fucosylated epitopes in the colonic
epithelium and fucose decoration of mucins 29 30 31 32. This may be a mechanism to
promote colonization by preferred groups of symbionts that produce beneficial shortchain fatty acids and provide colonization resistance against pathogens. Weaning was
associated with major changes in the transcriptome of all mice, and the highest number
of differentially expressed genes compared to adults, reflecting temporal changes
in microbiota. This is consistent with our observation of increased bacterial contact
with the epithelium in Muc2-/- mice (Fig. 2) and the IL-22 mediated effects on epithelial
expression and proliferation reported here. Based on these findings we proposed a key
role for the IL-22/STAT3 pathway in maintaining homeostasis in the ileum when the
mucus barrier is absent (Fig. 2) (Chapter 2). The same mechanism is also predicted to
play a role in mucosal homeostasis when there is more ‘bacterial sensing’ due to barrier
dysfunction or mucosal infection, as depicted in Figure 2.

However, the essential role of IL-22 in maintaining homeostasis in the small intestine
when there is reduced mucus production needs to be confirmed, for example by
administration of IL-22 blocking antibodies to Muc2+/- mice. In the future the IL-22
network of gene regulation elaborated on in this thesis could be verified in an organoid
model of the small intestinal epithelium. For example by adding IL-22 with and without
NF-kappaB pathway agonists to organoid cultures and assessing expression of the IL22 gene network by transcriptomics or qPCR. It is now possible to generate monolayers
of untransformed epithelial cells from organoid cultures of WT and Muc2-/- ileum that
contain all the epithelial cell types present in vivo. Additionally, antagonists of the
STAT3 pathway could then be used to further dissect the regulatory responses to IL22 in different cell types (e.g. expression of Reg3, Fut2 and proliferative factors). This
might provide more insights into the mechanisms behind the IL-22/STAT3 pathway and
its role in maintaining small intestinal homeostasis and have implications for future
therapeutic strategies.
Although the colon produces IL-22 it was clearly not enough to prevent colitis as in the
ileum. This could be due to the fact that there are many more bacteria in the colon with
potential to colonize the epithelium and induce inflammatory responses. Additionally
the ileum possesses different innate mechanisms to control microbiota, such as Reg3β
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and Reg3γ, which are highly expressed in small intestinal Paneth cells and produced in
much lower amounts in the colon than in the ileum 373.

Figure 2: The IL-22-STAT3 pathway plays a key role in the maintenance of ileal homeostasis in MUC2-deficient
mice. Schematic representation of the small intestine of a wild-type mice (A). Schematic representation of the
small intestine of Muc2-/- mice showing known functions of IL-22 (B). The anti-inflammatory mechanism of
PAP (Reg3β) on NF-κB driven inflammatory pathways is shown as a dotted line as it has only been described
for human colonic tissue and the precise mechanisms are not known. We speculate that IL-22 might also
regulate Fut2 (shown as a dotted line). Mucus is indicated in blue, fucosylation is indicated in pink.
Legend: IEL: Intra-epithelial Lymphocytes; DC: Dendritic Cell; AMPs: Antimicrobial Peptides; SOCS3:
Suppressor of cytokine signalling 3.

In conclusion the results of Chapters 2 and 7 provide further evidence for the important
barrier function of mucus in limiting contact of the epithelium with luminal bacteria,
particularly in the colon. In the small intestine the general absence of goblet cells on
the dome of PPs results in the absence of a mucus layer over the follicular-associated
epithelium (Chapter 7). This allows bacterial sampling by M cells and the induction
of mucosal immune responses in the lymphoid tissue, resulting in sIgA production to
support mucosal barrier function (Chapter 7).
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A temporal study of colitis development and associated changes in the microbiota
in Muc2-/ - mice
Previously, gene transcript analysis from colon of Muc2-/- mice revealed distinct phases in
colitis development pre- and 1 week after-weaning, which were presumed the result of
changes in microbiota diversity and/or density 193. As the weaning period is known to be
a rapidly changing period of intestinal development 374 we repeated the transcriptomics
study, including samples from 8 week-old adult mice and also investigated the effects
on microbiota. Heterozygote Muc2+/- mice were also included in this study as they were
predicted to produce less secreted mucus and we wanted to assess their usefulness as a
model of a compromised mucus barrier.

As pathobionts are known to play a role in the pathophysiology IBD we investigated the
impact of the MUC2 genotype on the temporal development of the microbiota. Initial
colonization of microbiota in WT and Muc2+/- mice involved a more constrained group
of bacteria as compared to the Muc2-/- mice, although during prolonged colonization
the microbiota composition became more similar in all mice, but still consistently
discriminated the groups of mice according to their genotype (Chapter 3). This suggests
that MUC2 shapes the microbiota colonising the colon, especially in the 2 weeks
postnatal, pre-weaning period, although a role of the antimicrobial factors that were
more highly expressed in Muc2-/- mice compared to WT or Muc2+/- mice can also play
a role. In the case of the Muc2+/- genotype mice, which still produce a mucus layer, the
altered microbiota might be due to the mucosal responses identified by transcriptomics
(e.g. increased relative amounts of REG3 proteins and defensins).
To identify bacteria that might be correlated with early changes in colon gene expression
we used the linear multivariate method partial least squares (PLS) method 232 for each
time point, as previously described 233. The ileum, of patients with Crohn’s disease is
colonized by adherent-invasive E. coli (AIEC), a pathogenic group of E. coli able to adhere
to and invade intestinal epithelial cells. Several independent studies have reported the
abnormal presence of AIEC associated with ileal mucosa of CD patients and proposed a
role in the pathophysiology of IBD 375 376 377 378 379 380. However, increased abundance of
E. coli during colitis development was not observed in the Muc2-/- mice model.

Despite the absence of changes in E. coli abundance, we showed that even prior to the
onset of colitis in the Muc2-/- mice, Bacteroides plebeius et rel., Unclassified Prevotella,
Alistipes et rel., Bacteroides fragilis et rel., and Bacteroides vulgatus et rel. were positively
correlated with the increased expression of gene clusters associated immune and stress
responses (Chapter 3). These bacterial groups were more abundant in Muc2-/- mice than
in WT littermates. An increased relative abundance of Bacteroides has been observed in
only some animal models of colitis 238 239. In humans several, but not all studies on IBD
patients are consistent with major changes in abundance of Bacteroides in active disease.
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Thus the possible involvement of pathobiont species in the pathophysiology might also
depend on host genetics, resident microbiota and/or other lifestyle factors such as
the diet. Nevertheless, B. thetaiotaomicron and B. vulgatus have been demonstrated to
induce colitis in experimental rodent models, in which other commensal species do not
induce colitis 227 240 241 242. Nod2 mutations that disrupt bacterial recognition are one
of the highest risk factors for Crohn's disease (CD). Recently expansion of B. vulgatus,
was shown to mediate exacerbated inflammation in Nod2-/- mice upon small-intestinal
injury, providing further evidence for its colitogenic potential in IBD 243. A subset of
intestinal B. fragilis strains produce an exotoxin (ETBF strains) associated with
diarrheal disease and a number of studies have shown associations of this species with
IBD and colorectal cancer 244. Overall the findings support the idea that in Muc2-/- mice,
the innate inflammatory responses driven by increased contact of commensals with the
epithelium leads to increased abundance of colitogenic members of the Bacteroidetes
phylum, which contribute to the onset of colitis (Chapter 3).
Application of Muc2+/- mice to study colitis development and markers of a
compromised colonic mucus barrier

In contrast to Muc2-/-, the Muc2+/- mice did not develop colitis during the 8 week period.
However, the colonic mucus layer was significantly thinner in Muc2+/- than in WT mice,
which was also associated with altered mucosal gene expression (Chapter 3). At week
2 and week 8 the affected gene networks in Muc2+/- mice were mainly associated with
mucosal healing and innate defence including chemotactic functions although there
was transient increase in inflammatory genes (e.g. Tnf and cytokine receptors for IFNγ,
IL-2) at week 4 resembling the transient inflammatory state observed in colonisation
studies with GF mice 237. Thus the Muc2+/- genotype appeared to exacerbate the transient
inflammatory response to the changing microbial ecology of the colon around weaning.
This indicated that changes in mucus barrier function have large effects on intestinal
homeostasis (Chapter 3).

The majority of the published studies did not extensively characterize the role of mucus
in shaping intestinal microbiota composition, and its role in the development of colitis
118 121 122
. Therefore, microbiota profiling on Muc2-/- mice faeces was the first step to
get insight on the role of mucus on shaping the microbiome. To get more insight in the
role of the microbiota in the development of the colitis, faecal transplantation from the
Muc2-/- mice could be performed in GF mice to see if they develop inflammatory mucosal
responses. However, establishing and running GF facilities is expensive and requires
special expertise and infra-structure. Compared with animals living in a conventional
microbiological environment, GF animals display an immature and underdeveloped
lymphoid system 381. A generally accessible alternative to using GF animals for studying
host-microbe interaction in vivo is to deplete animals of their intestinal microbiota
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by administrating a combination of broad-spectrum antibiotics. However, several
published papers that report to have applied this intestinal microbiota depletion
protocol describe incomplete depletion of the cultivable bacteria 382 383. Another option
is to use reversible colonization of GF mice with an E. coli strain harbouring multiple
auxotrophic mutations 384.

On the basis of the results obtained to date the heterozygote Muc2+/- mice appear to be
a promising model of gut barrier dysfunction (Chapter 3). More research is warranted
to assess whether the epithelial stress markers identified in this model are observed in
early stages of colitis development and in human diseases associated with deterioration
of gut barrier function and loss of epithelial integrity. To be routinely used as disease
biomarkers they ideally would have a causal relationship with the physiological changes
been evaluated, correlate with disease status and be readily measurable in faeces, urine
or blood.
Intestinal ageing induces a low-grade mucus barrier dysfunction partly depending
on gender dimorphism

In Chapter 4 we characterized the effects of ageing on the gut barrier function in mice.
Previously, it was shown that the intestinal barrier function is compromised by ageing,
and that susceptibility to infection increases in elderly individuals 164. However, no
extensive studies have been performed on the age related decline in gut barrier function
and specifically the effects on mucus.

In Chapter 5 we showed that in old mice (19 month) there is a decrease in the mucus
thickness in the colon, and this was influenced by gender as the females showed a
thicker mucus layer than males. However, in both old male and female mice the mucus
layer thickness was ineffective in compartmentalising the microbiota to the lumen
(Chapter 5). This phenomenon was also observed in fast-ageing mice model (Ercc1-/Δ7)
which have an impaired DNA repair capacity, causing more rapid accumulation of DNA
damage, the hallmark of natural ageing (Chapter 6). Despite the reduced thickness
of the colonic mucus in naturally (Chapter 5) and fast (Chapter 6) ageing mice, the
expression of the Muc2 transcript was not altered. Thus processes that compromise
the assembly or secretion of MUC2 might affect the mucus thickness. Stress induced
by physiological perturbations in the intestine can lead to accumulation of unfolded
proteins at the endoplasmic reticulum (ER). Improperly folded or glycosylated MUC2
may aggregate and not assemble into a network structure with the correct gel forming
properties 346 117. ER stress is a classic feature of secretory cells leading to activation
of the unfolded protein response (UPR). The UPR response is induced by intestinal
inflammation and in future studies this should be measured to see if it correlates the
observed changes in mucus properties in aging mice.
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Mucins carry a vast array of oligosaccharide structures, with the glycosyltransferase
profile expressed by the host determining the type of linkages and glycan structures
present on the secreted mucins 385. Alterations in mucin glycosylation have been
associated with a number of diseases such as colitis, colonic cancer and inflammatory
bowel diseases in humans 386 387 388 389 390 and mouse models 107 108 114. Therefore, an
alteration of mucin glycosylation might also be the cause of mucus barrier impairment
in ageing mice. Impairment of the mucus barrier in old mice was associated with
reduction of decreased expression of many genes associated with innate immunity, T
cell-specific gene transcripts and T cell signalling pathways involved in the activity of
cytotoxic T cells, T helper cells and natural killer cells.
Changes in the gut microbiota in terms of composition and functionality has previously
been compared in young adults and elderly human subjects 161 159 160. It has been
postulated that the microbiota of elderly subjects (65-70 years) might contribute to
the development of immunosenescence and inflammageing 309 391. However, significant
differences in microbiota composition and diversity were only observed in centenarians
compared to younger adults 161. In old mice, decreased microbiota composition and
diversity were also observed.

However, these studies on ageing have not extensively characterized the role of
microbiota in the development of intestinal inflammageing. To get more insight in the
role of the microbiota in intestinal ageing, faecal transplantation from ageing mice could
be performed in GF young mice. However, for the same reasons as mentioned above, GF
mice and antibiotic treatments might not be the best approaches to study the effect of
the microbiota in ageing.

Live span studies comparing GF fast-ageing ERCC1 mice with GF WT mice or reversibly
colonised GF mice could be used gain insights into the role of the microbiota in ageing.
If GF mice have a reduced life span, this would be that the microbiota play a key role
in regulating host physiology throughout lifespan. In the opposite case, the microbiota
might be identified as having an instrumental role in the process of ageing in intestine
and increase inflammageing.
Mucus barrier function can be restored with probiotic intervention in ageing mice

Ageing affects the intestinal barrier function and therefore to some extent intestinal
homeostasis. Therefore, interventions have been performed to slow down the
development of intestinal disorders or reduce the effects of ageing. Changes in diet are
one of the most efficient and direct ways to induce changes in intestinal physiology.
Probiotics, live bacteria that confer health benefits to host, exert beneficial effects
by competing with pathogens, regulating immunity and enhancing intestinal barrier
function 297 317. It has been shown that probiotic supplementation to elderly subjects
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was beneficial and accompanied by changes in gut microbiota composition and
immunity 392 309 311 312 313 314 315. However, none of the studies previously performed
investigated the effects of probiotic strains on slowing down the effects of ageing on the
gut barrier integrity. Therefore, we performed a comprehensive analysis of the effect of
bacterial supplementations on ageing immunity and intestinal barrier (Chapter 6). We
linked effects in immunity and intestinal barrier to gene regulation and gut microbiota
composition. Such a study would be laborious and costly in time and resources to
setup with naturally aged mice but the fast-ageing mice model (Ercc1-/Δ7) might be an
alternative model as we showed that the effects of natural ageing on the mucus barrier,
immunity and microbiota are also observed in fast-ageing mice (Chapter 6).

Probiotic interventions with Lactobacillus plantarum WCFS1, Lactobacillus casei
BL23 and Bifidobacterium breve DSM20213 showed different effects on ageing mice
(Chapter 6). L. plantrarum WCFS1 is known for its pro-inflammatory profile in vitro
and Th2 skewing properties in models of allergic sensitization 341 331, especially in
Th2 polarized conditions. In Ercc1-/Δ7 mice, supplementation of L. plantarum WCFS1
restored age-related decline in intestinal barrier by improving mucus barrier function
and restoring bacterial compartmentalization to the lumen (Fig. 3). In contrast
supplementation of L. casei BL23 and B. breve DSM20213 did not change or further
increased the decline age-related decline in intestinal barrier.

The mechanism behind the protective effect of L. plantarum in aged mice remains
unknown but might be due to polyamine production, which has been shown to increases
life span in model organisms. Polyamines have also been involved in stress resistance
and might help prevent deterioration of the gut barrier due to ER stress. This notion
should be checked by administration of polyamines (including those extracted from
L. plantarum) to fast-ageing mice. Furthermore polyamines should be measured in all
three probiotics and in the mice faeces to see if L. plantarum produces high amounts
compared to the other strains. Furthermore, mono-colonization with L. plantarum
in germfree (GF) Ercc1-/Δ7 mice would give insights in the effect of only L. plantarum,
without interactions with the existing gut microbiota. The Ercc1-/Δ7 were supplemented
with L. plantarum for 10 weeks (3 times a week, 109 CFU), which might also affect the
outcome of this experiment. A test with a reduced time of supplementation (2-3 weeks)
might also give insights in the optimal time of L. plantarum supplementation for getting
mucus barrier restoration in Ercc1-/Δ7 mice.

Our data provide an example of how bacterial supplementation can restore age-related
decline in intestinal barrier, and also underscores the need to exercise caution when
considering long-term supplementation of candidate probiotics to elderly subjects
(Chapter 6).
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Figure 3: The secreted mucus plays
a key role in the maintenance of colonic homeostasis in mice. Ageing
causes goblet cell loss associated
with mucus depletion, impairment
of the mucus barrier function and
altered bacteria compartmentalization. Supplementation of L. plantarum WCFS1 induced hypersecretion
of mucus (increased mucus thickness) and restores mucus barrier
function and compartmentalization
of bacteria to the lumen. IEL: intraepitelial lymphocytes
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Factors influencing mucus in health and disease
The mucus barrier is essential for maintaining intestinal homeostasis. The absence
of MUC2 in the colon leads to colitis and its absence in the ileum leads to long term
perturbations of gene networks involved in maintaining homeostasis, which may
increase the risk of developing diseases (e.g. cancer).

As shown in Muc2+/- mice, changes (even minor) in mucus thickness can lead to
development of inflammation (Chapter 3). Thus environmental factors influencing
mucus hyper- and hypo-secretion and mucus permeability are important to consider in
a health perspective. Several factors may influence the secretion of mucus and therefore
contribute to reinforce or impair the barrier (Fig. 4).

+

-

Figure 4: Schematic representation of the different factors which influence mucus secretion.

•

Mechanical stress to tissue

The mucus acts as a gel, covering the epithelium and facilitating the passage of
the luminal content from the duodenum to the distal colon. Therefore, when the
faecal content is pushed down the intestine, the mechanical stress on tissue releases
fresh mucus from the goblet cells. This way a distance is always kept between the
faeces and the intestine, avoiding direct contact of the epithelium with antigens and
bacteria 393 394.

• Colonization

In conventional mice, the colonic mucus layer is known to be hardly penetrable
by bacteria and form a barrier of about 25 μm thick between the epithelium and
the luminal content. The firm mucus is notably thinner in GF mice, but increases
after colonization, to be similar to the conventional mice. This is consistent with
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published observations of reduced mucus production in GF animals and with the
concept that metabolites and other components of the microflora are key regulators
of colonic mucus secretion 365 366. The appearance of both firm and loose mucus in
GF mice suggests that the conversion of firm mucus layers into loose mucus does not
depend on the presence of bacteria.

• Immune regulation

The intestinal goblet cells are under direct regulation by the immune system. During
parasitic helminth infections, goblet cell hyperplasia occurs leading to mucus
hypersecretion 395 396. These infections elicit a T helper type 2 (Th2) response with
increased levels of cytokines such as interleukin IL-4, IL-5, IL-9, and IL-13, where
IL-13 is considered the major effector cytokine. Intestinal epithelial cells have
been shown to express the IL-4Ra and IL13Ra1 subunits, making it likely that
IL-13 acts directly on the epithelium to induce goblet cell hyperplasia via STAT6
(signal transducer and activator of transcription-6) signalling 397. In addition
to the importance of Th2 cytokines in regulation of goblet cell function, recent
findings also implicate the Th17-associated cytokine IL-22 in regulation of goblet
cell differentiation and mucin expression as IL-22-deficient mice fail to increase
Muc2 expression and have reduced levels of goblet cell hyperplasia in response to
Nippostrongylus brasiliensis and Trichuris muris infections compared with wild-type
animals 398. These effects were observed in the presence of increased levels of IL-4
and IL-13, suggesting overlapping pathways for induction of mucin expression and
goblet cell differentiation. Less is understood on the role of Th1 cytokines such as
interferon-γ and tumour necrosis factor-α, and Th17 cytokines such as IL-23 and IL17 in regulation of goblet cell function.

• SCFA

There is now an abundance of evidence to show that short-chain fatty acids (SCFAs)
play an important role in the maintenance of health and the development of disease.
SCFAs are a subset of fatty acids that are produced by the gut microbiota during
the fermentation of partially and non-digestible polysaccharides. In particular
butyrate, acetate and propionate, are the most abundant products of carbohydrate
fermentation by the microbiota. Butyrate is metabolised as an energy source by
epithelial cells and is particularly relevant in diseases such as IBD in which there is a
reduction in intestinal Firmicutes, a phylum that includes many anaerobic butyrate
producers. In the inflamed gut dysbiosis may therefore indirectly contribute to
mucus barrier dysfunction, via the reduction in butyrate production.
Studies have shown that SCFA can stimulate mucus production in colon. Butyrate,
but not lactate or succinate, was shown to stimulate mucus release in the rat colon 399.
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Furthermore, SCFA can stimulate epithelial MUC2 expression through prostaglandin
production by intestinal myofibroblasts 400.

Deficiencies in mucins exacerbate various intestinal diseases such as mucositis
but can be remediated via oral supplementation of butyrate, which decreases
gut permeability 401. Consistent with this, supplementation of either butyrate or
propionate could induce both Muc2 mRNA expression and MUC2 secretion in human
goblet-like cell line LS174T 372 suggesting that SCFAs might be critical bacterial
products promoting gut integrity.

• Ageing

Ageing has marked effects on the intestinal barrier, including mucosal thickening,
mucus depletion, increased mucus permeability to commensals. This leads to an
altered colonic microbiota and chronic low-grade mucosal inflammation, which
has been implicated in the pathology of several chronic disorders (Chapter 4).
Inflammation induces epithelial stress and the accumulation of unfolded proteins in
the ER in secretory cells. ER stress is observed in many diseases, including cancer,
diabetes, autoimmune conditions, liver disorders, obesity and neurodegenerative
disorders. Protein folding is important to cellular function. Secreted, membranebound and organelle-targeted proteins are typically processed and folded in the
ER in eukaryotes 402 347 403. Intracellular perturbations caused by various stressors
may disturb the specialized environment of the ER leading to the accumulation of
unfolded proteins 404 405. Cellular adaptation to ER stress is achieved by the activation
of the UPR, which is an integrated signal transduction pathway that modulates
many aspects of ER physiology. However, when these mechanisms of adaptation are
insufficient to handle the unfolded protein load, cells undergo apoptosis. The decline
of the mucus barrier in old mice might be due to UPR, which is in turn coupled to
inflammation 346. Single mutations in mouse Muc2 can cause accumulation in the
ER, triggering a UPR response and increased levels of inflammatory cytokines 117
348
. Higher quantitative demands for MUC2 synthesis, such as an increased bacterial
load in contact with the epithelium, which is observed in ageing mice, will further
challenge the ER folding system and trigger UPR responses and inflammation.
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Future perspectives
The different mice models and the multidisciplinary approach implemented in this
thesis research have brought new insight in the dynamics of mucus in health and the
effects of natural processes such as ageing on the intestinal barrier. Ideas for future
experiments to confirm hypotheses rising directly from the research described in thesis
were mentioned above. Below I discuss some of the issues and possible approaches to
carry out translational research on the regulation and function of mucus in humans that
would build on current knowledge and understanding in the field.
Can mucus properties be assessed in human samples?

The techniques currently used to study mucus or goblet cells are not optimal to perform
mechanistic work. The classical techniques of tissue sampling such as tissue resection
from euthanized animals are not applicable to human studies for obvious practical and
ethical considerations. Moreover it was shown that the faecal content has to be kept
in the mouse colon tissue samples during fixation and sectioning otherwise the firm
mucus layer is lost during the straining procedure. This is not possible with human
tissue as small biopsies are normally collected with endoscopic forceps causing most of
the mucus layer to be lost in subsequent procedures (Fig. 5).

Figure 5: PAS/Alcian blue staining of mice colon (A) and human colonic biopsy (B) fixed in Carnoy. The mucus
is stained in blue and tissue in purple. Red arrows show the thin mucus covering the epithelium. The red bar
shows the mucus thickness in mice colon (unpublished Sovran et al.). Human biopsies kindly gifted by Dr.
Johansson (Gothenburg University, Sweden).

A combination of in-vitro and ex-vivo work might help to get insights in mucus dynamics
and goblet cells functions. The organoid culture system, which contain all the functional
cells of the gut (stem cells, Paneth cells, enterocytes, and goblet cells) may be the best
model for such experiments 129. Organoids generated from isolated crypts or stem cells
replicate and differentiate into a “mini human gut” containing all the cell types present
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in the epithelium in vivo. It is also possible to preferentially differentiate the organoids
into a specific cell type including goblet cells using differentiation factors added to the
culture medium. Furthermore, it is now possible to dissociate organoids and generate
confluent monolayers of polarised untransformed epithelial cells 130. The latter models
could be used to study the effects of different ER stress inducers on mucus secretion as
well as its properties and permeability. The impact of host mutations associated with
IBD could also be investigated in these models by generating organoids from individual
patients with these respective mutations. Potential therapeutic strategies could also be
tested in such models to provide insights in their mechanistic effects on the human
intestine and goblet cells.
The human organoid tissue system as a model for future mechanistic work on
goblet cells

The organoid culture system might help verifying the effects of different substances (e.g.
cytokines, SCFAs etc.) or processes (oxidative stress) influencing the goblet cells and
their mucus. For example, treatment of the organoids with SCFAs could help to verify
the influence of butyrate on the goblet cells, and understand by which mechanisms
they stimulate secretion of mucus. In this thesis, we highlighted a role for IL-22-STAT3
pathway in maintaining ileal homeostasis when the mucus barrier is compromised.
Treatment of organoid cultures with IL-22 (or an agonist/antagonist of IL-22) might
give insights in the effects of this cytokine on the goblet cell function, and therefore
verify the role of IL-22 in the intestinal homeostasis.
Mechanisms of membrane-bound mucins in intracellular signalling

The epithelial glycocalyx comprises several non-secreted transmembrane mucins
including MUC1, MUC3, MUC4, MUC13, and MUC17. The membrane-associated mucins
are normally shed and replaced, but this process can be accelerated upon bacterial
adhesion, helping to protect the epithelium from microbial invasion. Apart from their
barrier function against potential pathogens, specific membrane-tethered mucins have
also been shown to modulate responses to inflammatory cytokines 74. However, the
mechanisms of signalling are still unknown.

The organoid culture system might help understanding the mechanisms of membranebound mucins signalling. Mouse organoids made from mucin-deficient mice e.g.
Muc1-/- and Muc2-/- mice models, could be used to understand better the signalling of
membrane-bound mucin in the context of a deficiency in MUC2, or understand the role
of MUC1 in the signalling. Other models could be created with other mucin-deficient
mouse lines.

190

General discussion and future perspectives

Concluding remarks
The use of a multi-disciplinary approach including the use of different mouse models,
trancriptomics, microbiota profiling and histology gave insights in the important
role played by the mucus in the maintenance of the intestinal barrier in health. This
approach appears to have been very successful in delivering an important resource
that complements previous studies on mucus barrier function in health and disease.
The positive correlations identified in this thesis between the multi-variate datasets,
including the linkages identified between microbial groups and specific host function in
all mice models, support the prominent role of the microbiota in the modulation of the
host’s physiology, in the context of a compromised mucus barrier. This effect seems to
be enhanced in the large intestine, where a thick mucus layer is necessary to maintain
intestinal homeostasis. In the small intestine, other factors can help maintaining the
homeostasis even in models of colitis development, via IL-22 and the regulation of
secreted antimicrobial factors.
In conclusion, the work described in this thesis demonstrates the role of the mucus in
both small and large intestine in maintaining gut homeostasis. The research on probiotic
interventions to restore mucus secretion in ageing mice opens up new possibilities to
enhance barrier function and unravel the underlying mechanisms. Ultimately this might
lead to new strategies to maintain intestinal health.
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Summary

Summary
The use of a multi-disciplinary approach including trancriptomics, microbiota profiling
and histology and the use of different mice model such as Muc2-/-, Ercc1-/Δ7 and naturally
aged C57BL/6 mice, gave insights into the important role played by the mucus in the
maintenance of the intestinal barrier and an increased understanding of the effects of
barrier dysfunction on microbiota and intestinal physiology.

In Chapter 2, we investigated the effects of the absence of secreted mucus on the
small intestinal homeostasis in a MUC2-deficient mouse model. Here we performed
transcriptomics, histology, and 16S microbiota profiling on ileal samples from wild-type
(WT), Muc2-/-, and Muc2+/- mice at 2, 4, and 8 weeks after birth. There were no apparent
signs of signs of pathology in the ileum of Muc2-/-, although the length of the villi was
longer than in WT mice and bacteria were frequently see in contact with the epithelium.
Gene set enrichment analysis revealed a down-regulation of TLR, immune, and
chemokine signalling pathways compared to WT mice. The predicted effects of enhanced
IL-22 signalling were identified in the Muc2-/- transcriptome, as the up-regulation of
mucosal defence genes, including Fut2, Reg3β, Reg3γ, Relmb and the Defensin Defb46.
The increased villus length in Muc2-/- mice relative to WT mice was explained by the IL22 regulator effects on epithelial cell proliferation, altered expression of mitosis and cell
cycle control pathways. These findings highlight a role for the IL-22-STAT3 pathway in
maintaining ileal homeostasis when the mucus barrier is compromised and its potential
as a target for novel therapeutic strategies in IBD.
In Chapter 3, we investigated the effects of absence of secreted mucus (also partial
absence) on the colonic homeostasis and microbiota establishment. We took advantage of
the Muc2-/- mouse experimental model of colitis, which provides an opportunity to identify
microbiota changes and host gene expression before and after the onset of colitis. As in
chapter 2, we also performed transcriptomics, histology, and 16S microbiota profiling
on colon samples from WT, Muc2-/-, and Muc2+/- mice at 2, 4, and 8 weeks after birth. We
showed that Muc2-/- mice developed colitis in proximal colon after weaning, resulting in
inflammatory and adaptive immune responses, and expression of genes associated with
human IBD. Muc2+/- mice did not develop colitis, but produced a thinner mucus layer.
The transcriptome of Muc2-/- and Muc2+/- mice revealed differential expression of genes
participating in mucosal stress responses and exacerbation of a transient inflammatory
state around the time of weaning. At all ages microbiota composition discriminated the
groups of mice according to their genotype. Specific bacterial clusters correlated with
altered gene expression responses to stress and bacteria, prior to colitis development,
including colitogenic members of the genus Bacteroides. The abundance of Bacteroides
pathobionts increased prior to histological signs of pathology, suggesting they may play
a role in triggering the development of colitis.
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In Chapter 4, we investigated effects of ageing on intestinal physiology, including
intestinal morphology, mucus barrier properties and bacterial compartmentalization.
The aim was to gain a better understanding of the effects of age-related differences on
intestinal homeostatic mechanisms and barrier functions, and the impact on diversity
and composition of microbiota in the ileum and the colon. We observed in ageing mice
an impairment of the intestinal mucus barrier function, associated with bacterial
contact with epithelium.
We showed that ageing was associated with increased apoptosis of goblet cells and
reduced mucosal thickness in the colon compared to WT mice. Consequently old mice had
increased contact between the epithelium and microbiota associated with chronic lowgrade mucosal inflammation and a dysbalanced microbiota, all of which are implicated
in the pathology of several chronic disorders. Aged mice showed marked changes in
intestinal morphology compared to young adult mice. The colonic mucosa was thicker
with more immune cell infiltration than in younger mice. Furthermore, the mucus layer
was reduced about 6-fold relative to young mice, and more easily penetrable by luminal
bacteria. Transcriptomics data indicate a significant down-regulation of innate and
adaptive immunity in small and large intestine of old mice. Microbiomics data show a
significant decrease in Akkermansia muciniphilia and Lactobacillus gasseri in old mice.
The deterioration of the mucus barrier was also observed in mice of different gender as
well female mice ovariectomized at 15 months (Chapter 5) with some notable gender
differences. In old females and ovariectomized females the inner mucus layer in the
colon was thicker than in old male mice. However, in mice of both genders, the mucus
barrier failed to compartmentalize microbiota to the lumen and bacteria were seen in
contact with the epithelium.

In Chapter 6, we investigated whether the supplementation of mice with candidate
probiotics would ameliorate or exacerbate the mucosal barrier changes observed in
Chapter 5. L. plantarum WCFS1, L. casei BL23, B. breve DSM20213 were administered to
fast-aging Ercc1-/Δ7 mice by oral gavage over a ten weeks period, respectively.

Supplementation with B. breve exacerbated the age-related decline of gut tissue and
mucus integrity whereas supplementation with L. plantarum ameliorated these effects.
In contrast L. casei supplementation, had no visible effects on the mucus barrier,
but increased inflammatory immune cells and IL-17A production in the spleen. Gut
microbiota composition only slightly shifted upon bacterial supplementation, whereas
analysis of gene expression corroborated histological findings. We concluded that the
Ercc1-/Δ7 model can be used to study the effect of long-term probiotic interventions on
ageing. Our data provide an example of how bacterial supplementation can restore agerelated decline in intestinal barrier, and highlights the caution needed in the selection of
candidate probiotic strains for supplementation to ageing individuals.
218

Summary

In chapter 7, we investigated mucus thickness and permeability throughout the mouse
intestinal tract including the Peyer’s Patches (PP) in conventional, germ-free and
gnotobiotic mice. Sections of the ileal and colonic tissue were fixed or cryopreserved for
histology and immunofluorescent histochemistry. A new technique was developed to
assess mucus permeability in the small intestine and colon.

This study revealed that the mucus thickness is dependent on the presence of microbiota,
as the germ-free mice have a thinner mucus layer than conventional mice. The mucus
layer is also thin (or absent) and easily penetrable on top of the dome of PPs, due to the
lack of goblet cells in the epithelium of Peyer’s patches. Lactobacillus plantarum was
administered to germ-free mice. Lactobacilli were taken up in the organized lymphoid
structures of the small intestine and transported within immune cells to the mesenteric
lymph nodes. Sampling of bacteria by PPs is facilitated by the relatively low abundance
of goblet cells in the follicular-associated epithelium covering the dome of the PP and a
lack of secreted mucus covering the dome.
Chapter 8 summarizes and discusses the key results of the thesis in the context of the
wider literature and possible directions for future research.

Keywords: MUC2 knockout mice model, mucus, chronic inflammatory disease, ageing,
gender, microbiota, transcriptomics, (immune-) histology
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Samenvatting
Door het onderzoek beschreven in dit proefschrift is inzicht verkregen in de rol van
mucus in het behoud van de barrièrefunctie van de darm en de relatie van mucus
met (dys)functie van microbiota en de darmfysiologie. Dit onderzoek is uitgevoerd
door middel van een multidisciplinaire benadering waarin transcriptoom-analyse,
microbiota-identificatie en histologie werden gecombineerd met proefdieronderzoek
waarin diermodellen zoals de Muc2 knock-out muis (Muc2-/-), de snel verouderende
muis Ercc1-/Δ7 en op natuurlijke wijze verouderde muizen werden gebruikt.

In hoofdstuk 2, is onderzocht wat de afwezigheid van mucus in de darm betekent voor
de darmhomeostase in Muc2 deficiënte muizen. We hebben transcriptoom-onderzoek,
histologie, en 16S microbiota profilering gebruikt en toegepast op weefsel van het ileum
van wild-type, Muc2-/- en Muc2+/- muizen op 2, 4, en 8 weken na geboorte. Er waren geen
zichtbare pathologische afwijkingen in het ileum van de Muc2-/- muizen. Er was slechts
sprake van iets enigszins verlengde villi en er waren vaker bacteriën te vinden die in
contact waren met het epitheel. Analysen van de verrijking in genexpressie toonde
een verlaagde expressie aan van TLR, immuun, en chemokine signalerings-pathways
wanneer de genepressie vergeleken werd met de wild-type muizen. Een voorspelde
verhoging van IL-22 signalering werd gevonden in het Muc2-/- transcriptoom tezamen
met toegenomen expressie van mucosale verdedigingsgenen zoals Fut2, Reg3β, Reg3γ,
Relmb en het defensine Defb46. De langere villus-lengte in Muc2-/- dan in wild-type muizen
is geïnterpreteerd als een gevolg van de door IL-22 gereguleerde effecten op epitheelproliferatie, veranderde expressie van genen die mitose- en celcyclus controleren. De
bevindingen suggereren een rol voor het IL-22-STAT3 regelatiemechanisme in behoud
van ileum homeostase in de afwezigheid van mucus. Ook lijken onze resultaten een
rol voor dit IL-22-STAT3 regulatiemechanismete suggereren als target voor nieuwe
therapeutische interventie strategieën voor chronische inflammatoire darmziekten.

In hoofdstuk 3, bestudeerden we de effecten van afwezigheid van mucus (geheel en
partieel) op homeostase in de dikke darm. We hebben de Muc2-/- muis gebruikt, omdat
deze muis van nature colitis ontwikkelt. Dit gaf ons de unieke kans om microbiotaen genen-veranderingen te bestuderen voor en na het ontstaan van colitis. Net als
in hoofdstuk 2, hebben we transcriptoom-onderzoek, histologie, en 16S microbiota
profilering gebruikt op colonweefsel van wild-type, Muc2-/- en Muc2+/- muizen op 2, 4,
en 8 weken na geboorte. We hebben aangetoond dat Muc2-/- muizen direct na geboorte
tekenen van colitis ontwikkelen in de proximale colon, dat resulteert in reaktie van zowel
de aangeboren als adaptieve immuunrespons. Ook werd expressie van genen gevonden
die overeenkomsten hebben met humane chronische inflammatoire darmziekten.
Muc2+/- ontwikkelde geen colitis, maar produceerde een dunnere laag mucus dan wildtype muizen. Het transcriptoom van Muc2-/- en Muc2+/- muizen vertoonde verschillende
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expressieprofielen van genen die geassocieerd zijn met mucosale stress responsen
en een matige ontsteking, die reeds ontstaat direct na geboorte. Op alle leeftijden
vertoonde de microbiota stereotype verschillen die samenhingen met het genotype van
de muizen. Specifieke veranderingen in bacterieclusters correleerden met veranderde
genexpressie en stress. Er waren duidelijk, vlak voor ontwikkeling van colitis, bacteriën
aanwezig in de colon, die geassocieerd worden met colitis-ontwikkeling zoals
Bacteroides. Bacteroides pathobioten waren waarneembaar vlak voordat histologisch
colitis kon worden vastgesteld, dat er op wijst dat deze bacteriën een rol kunnen spelen
bij de ontwikkeling van colitis.
In hoofdstuk 4, onderzochten we het effect van veroudering op darmfysiologie
en -morfologie waarbij eigenschappen van de mucusbarrière en bacteriële
compartmentalisatie een hoofdrol speelden. Het doel was om meer inzicht te krijgen
in de effecten van veroudering op darmhomeostase en barrièrefunctie, en de impact
van veroudering op diversiteit van darmbacteriën in het ileum en colon. We hebben
in verouderde muizen een verstoring gevonden van de functie van de darmmucusbarrière, die resulteerde in contact van de darmbacteriën met het epitheel. Verder
toonden we aan dat veroudering geassocieerd is met toegenomen apoptose van mucusproducerende cellen en een verminderde dikte van de mucus in het colon. Het gevolg
was een toegenomen contact van darmbacteriën met het epitheel met een chronische
milde ontsteking tot gevolg. Dit is een beeld dat terug te vinden is in veel menselijke
pathologische aandoeningen.

Verouderde muizen hadden ook een andere darmmorfologie. De darmwand was dikker
met veel meer immuuncel infiltratie dan in jonge muizen. De mucuslaag was ongeveer
zesmaal dunner dan in jonge muizen en meer in verhoogde mate gepenetreerd met
bacteriën. Transcriptoom data suggereren een significante verlaging van zowel het
aangeboren als adaptieve immuunsysteem in zowel de dunne als dikke darm. De
bacteriën Akkermansia muciniphilia en Lactobacillus gasseri waren verlaagd in oude
muizen.
Deze afname in mucus-barrière werd ook waargenomen in muizen van beide geslachten
en in vrouwelijke muizen die ovariectomie ondergingen op de leeftijd van 15 maanden
(Hoofdstuk 5), hoewel er verschillen waren tussen mannelijke en vrouwelijk muizen. In
oude vrouwtjes muizen en vrouwtjes die ovariectomie ondergingen was de mucuslaag
in het colon dikker dan in oude mannetjes muizen. Niettemin was de mucuslaag in
muizen van beide geslachten niet in staat om de microbiota te compartimentaliseren
tot het lumen, en werden er bacteriën gezien in direct contact met het colonepitheel.

In Hoofdstuk 6, onderzochten we of het toedienen van kandidaat-probiotica aan muizen
de verschillen in mucus-barrière, zoals beschreven in hoofdstuk 5, zouden veranderen. L.
plantarum WCFS1, L. casei BL23, en B. breve DSM20213 werden toegediend aan de snel
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verouderende Ercc1-/Δ7 muizen door middel gedwongen voeding gedurende tien weken.
Toediening van B. breve verergerde de leeftijd-gerelateerde afname in de integriteit
van de darmwand en mucus, terwijl toediening van L. plantarum deze effecten juist
verlichtte. Toediening van L. casei had geen zichtbaar effect op de mucus-barrière, maar
verhoogde wel de productie van ontstekingscellen en IL-17 in de milt. De microbiota
van de darm vertoonde slechts kleine afwijkingen na bacterie-toediening, terwijl de
analyse van de genexpressie in de darm de histologische bevindingen ondersteunde.
We concludeerden dat het Ercc1-/Δ7 model bruikbaar is om de effecten van langdurige
probiotica toediening op veroudering te bestuderen. Onze data geven een voorbeeld
hoe de toediening van bacteriën de leeftijd-gerelateerde afname in de functie van de
darm-barrière kan bevorderen, maar geven ook aanleiding om voorzichtig om te gaan
met de selectie van kandidaat probiotica in het ouder wordende individu.

In Hoofdstuk 7, hebben we de dikte en permeabiliteit van de mucuslaag onderzocht,
inclusief de Peyerse platen (PP), in conventionele, kiemvrije en gnotobiotisch muizen.
Coupes van ileum- en colonweefsel werden gefixeerd of ingevroren voor histologie
en immunofluorescente histochemie. Een nieuwe techniek werd ontwikkeld om de
permeabiliteit van de mucuslaag te kunnen bepalen in dunne en dikke darm. Deze
studie liet zien dat de dikte van de mucuslaag afhankelijk is van de aanwezigheid van
microbiota, want kiemvrije muizen hebben een dunnere mucuslaag dan conventionele
muizen. De mucuslaag op het oppervlakte van de PP is dun (of afwezig) en gemakkelijk
doordringbaar, door de afwezigheid van mucus-producerende cellen in het epitheel van
de PP. Lactobacillus plantarum werd toegediend aan kiemvrije muizen. Lactobacillen
werden opgenomen in de georganiseerde lymfoïde structuren van de dunne darm
en binnenin immuuncellen getransporteerd naar de mesenterische lymfeknopen. De
opname van bacteriën in de PP wordt vergemakkelijkt door het kleine aantal mucusproducerende cellen in het follikel-epitheel van de PP en het ontbreken van een
bedekkende mucuslaag.
Hoofdstuk 8 geeft een samenvatting en bediscussieerd de belangrijkste resultaten,
zoals gepresenteerd in dit proefschrift, in het licht van recente literatuur en geeft
mogelijke richtingen aan voor vervolgonderzoek.
Trefwoorden: Muc2 knock-out muis model, chronische darmontsteking, mucus,
veroudering, sexe, microbiota, transcriptoom-analyse, (immuun-) histologie
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