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RESUME
Rôle de la signalisation mésenchymateuse de Bone Morphogenetic Protein dans la colite
ulcéreuse
Par
Vilcy Reyes Nicolas
Progamme de Biologie Cellulaire
Mémoire présenté à la Faculté de médecine et des sciences de la santé en vue de l’obtention du
diplôme de maitre ès sciences (M.Sc.) en Biologie Cellulaire, Faculté de médecine et des
sciences de la santé, Université de Sherbrooke, Sherbrooke, Québec, Canada, J1H 5N4
Le microenvironnement a une influence importante sur l'homéostasie du côlon et les cellules
mésenchymateuses sont des éléments clés de la composition du stroma. La signalisation de Bmp
et son rôle dans la communication épithélio-mésenchymateuse ont été étudiés, et des perturbations
de cette voie de signalisation ont été associées à plusieurs maladies telles que les maladies
inflammatoires intestinales (MII). Bien que le rôle de l’épithélium ainsi que des cellules
immunitaires soient bien rconnue dans le développement de la maladie, celui des cellules
mésenchymateuses est plus nébuleux. Le but de ce mémoire est de déterminer si la signalisation
mésenchymateuse de Bmp contribue à la fonction de barrière du mucus colique et influence la
gravité de l'inflammation.
Chez les souris invalidées pour la signalisation mésenchymateuse de Bmp (Bmpr1a△MES), la colite
a été induite par le Dextran sulfate de sodium (DSS). L'indice d'activité de la maladie et l'analyse
histologique ont indiqué que les souris Bmpr1a△MES montrent une sensibilité accrue à la colite
expérimentale et présentaient un retard important dans le processus de guérison. Avant le
traitement, les souris Bmpr1a△MES possède une couche de mucus interne plus mince et discontinue
par rapport aux souris contrôles. Une diminution de la composition vésiculaire des cellules
caliciformes a été observée chez les souris Bmpr1a△MES, accompagnée d'une réduction de
l'expression de l'ARNm de MUC3, d'une accumulation anormale de la protéine MUC2 et d'une
diminution du processus de fucosylation du mucus. Lors des traitements au DSS, une érosion
partielle de la couche interne de mucus est survenue chez toutes les souris, mais
dans Bmpr1a△MES cette érosion a été plus marquée. Chez les souris contrôles, des bactéries ont été
détectées uniquement dans la couche de mucus externe du côlon distal. Par contre, chez les
souris Bmpr1a△MES des bactéries ont été retrouvées dans la couche interne de mucus et près de
l'épithélium non-inflammé. Après le traitement au DSS, des bactéries ont été observées en contact
avec l'épithélium chez les souris contrôles, tandis que de grandes quantités de bactéries
envahissaient le tissu colique chez les souris Bmpr1a△MES. Enfin, une augmentation du dépôt de
protéines de la matrice extracellulaire, probablement associé à un processus de fibrose a été
observé chez les souris Bmpr1a△MES par rapport aux contrôles.
Nos résultats indiquent que les souris Bmpr1a△MES ont une sensibilité augmentée à la colite
expérimentale. Cela suggère une maturation anormale des cellules caliciformes qui ne parviennent
pas à produire une barrière de mucus fonctionnelle et permet aux bactéries de pénétrer dans
l'épithélium. En outre, ils suggèrent que la signalisation mésenchymateuse de Bmp pourrait être
une composante clé dans le processus de réparation.
Mots clés : Bmp, cellule caliciforme, cellule mésenchymateuse, maladies inflammatoires
intestinales, protéines de la matrice extracellulaire, inflammation du côlon, réparation.

ABSTRACT
Role of the Bone Morphogenetic Protein signaling in Ulcerative Colitis
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Master of Sciencie (MSc.) in Cell Biology. Université de Sherbrooke, Sherbrooke, Québec,
Canada, J1H 5N4
Microenvironment has an important influence on colon homeostasis and mesenchymal cells are
key contributors to the stroma composition. Bone morphogenetic porteins (Bmp) signaling and its
role in epithelial-mesenchymal communication have been studied, and perturbations of this
signaling pathway have been associated with several diseases such as Inflammatory Bowel Disease
(IBD). The role of epithelial and immune cells in the development of IBD has been recognized for
years. However, the role for mesenchymal cells is unclear. The aim of this thesis is to address
whether mesenchymal Bmp signaling contributes to the barrier function of colon mucus and
influences the severity of the inflammation.
In mice deficient for mesenchymal Bmp signaling (Bmpr1a△MES), colitis was induced by Dextran
Sodium Sulfate (DSS). Disease Activity Index and histological analysis indicated that
Bmpr1a△MES mice exhibited increased susceptibility to experimental colitis and presented an
important delay in the healing process. Before treatment, Bmpr1a△MES mice presented a thinner
and discontinuous inner mucus layer compared to control mice. A decrease in goblet cells vesicle
composition was found in Bmpr1a△MES mice, accompanied with a reduction in the mRNA
expression of MUC3, an abnormal accumulation of the MUC2 protein and a decrease in the mucus
fucosylation process. Upon treatments, a partial erosion of the inner mucus layer occurred in all
mice but was advanced in Bmpr1a△MES. Bacteria were only detected in the outer mucus layer of
the distal colon in control mice, whereas in native Bmpr1a△MES mice, bacteria were found within
the inner mucus layer and close to the non-inflamed epithelium. Following DSS treatment, bacteria
were seen in contact with the epithelium in control mice, while large amounts of bacteria were
found invading colonic tissue in Bmpr1a△MES mice. Finally, an increase in deposition of ECM
proteins, reminiscent of fibrosis, was found in Bmpr1a△MES mice compared to controls.
Our results reveal that Bmpr1a△MES mice have an increased sensitivity to experimental colitis.
These findings suggest an abnormal goblet cells maturation that fails to produce a functional
mucus barrier and allows bacteria to penetrate the epithelium. Also, it suggests that mesenchymal
Bmp signaling could be a potential key component in the healing process.
Keywords: Bmp, mucus, goblet cells, colon inflammation, mesenchymal cells, ECM, wound
healing.
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1.INTRODUCTION
1.1-Colon physiology and function.
The colon is a dynamic organ and its main functions are the reabsorption of intestinal water
and electrolytes and the storage of fecal material (Szmulowicz and Hull, 2016; Mowat and
Agace, 2014; Greger, 2000). Morphologically, the caecum leads into the proximal colon,
following with the transverse colon, distal colon and finally the rectum. The colon content is
composed by a mixture of bile, secreted mucus, different families of microorganisms,
undigested or unabsorbed food and bacterial metabolic byproducts (Gracia-Sancho and
Salvadó, 2017). The mucus and epithelial layer form respectively a biochemical and physical
barrier which provide a strong line of defense against toxic compounds including bacterias
and their products, viruses and dietary components from the intestinal lumen (Pearson and
Brownlee, 2010; Phillipson et al., 2008; Stappenbeck et al., 1998). All these elements are in
close relation with the epithelial layer and its underlying mucosa, which includes
mesenchymal and immune cells among others. Altogether, they insure the colon
functionality as an organ (Sanders et al., 2001; Powell et al., 1999a; Powell et al., 1999b;
Andoh et al., 2005a; Andoh et al., 2005b).
The basic units of the colon are the crypts of Lieberkühn, which are finger-like invaginations
of the epithelial inner surface into the colonic mucosa (van der Flier and Clevers, 2009).
Colonic crypts are smaller than in the small intestine and villi are completely absent (Mowat
and Agace, 2014). Stem cells are located at the crypt base and are able to generate the
transit amplifying cells, which subsequently differentiate into the four major cell lineages
of the epithelial layer: the goblet, colonocytes, enteroendocrine and tuft cells (Barker,
2014; Simons and Clevers, 2011;Williams, et al., 2016). Several pathways like Wnt, bone
morphogenetic proteins (Bmp), Notch, Eph family receptor interacting proteins (Ephrin),
JAK/STAT1, phosphatase and Tensin homolog deleted from chromosome ten (PTEN),
AKT/Protein kinase B, and phosphatidylinositol 3-kinase (PI3K), keep a balance which
allows the maintenance of epithelial cells or their restoration upon injury (Flier and Clevers,
2009; Scoville et al., 2008; Barker and Clevers, 2010; Wang and Hou, 2010; Beebe et al.,
2010). The epithelium is the innermost layer, surrounded and supported by the Lamina
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Propia (LP). Formed by loose connective tissue, the LP present several cellular elements
such as immune and mesenchymal cells, blood vessel and nerves. Underlying the LP, is
located the muscularis mucosa, a thick layer of smooth muscle which main function is the
participation in the peristalsis and catastalsis movements. The submucosa is important to
keep the colon shape and contains nerves, blood vessels and collagen. Under the submucosa
there is the muscular layers, which coordinate movements produce the peristaltic
movements. Finally, the serosa is composed by connective tissue (serosa or adventitia) and
being the outermost layer, protects the colon for physical damage during digestion
movements (Young et al., 2006) (Figure 1).

Figure 1: Organization of the colon wall.
The colon is formed by the mucosa, muscularis mucosa, submucosa, muscularis externa, and serosa. (b)
Colonic mucosa is composed of a simple columnar epithelium with villi absence. Colon crypts are formed by
epithelial invaginations, go deeply into the mucosa and contain innumerable goblet cells.

1.2-Bmp signaling
Gastrointestinal (GI) tract morphogenesis and maintenance depends in part on the Bmp
signaling activation (Batts, et al., 2006; Roberts, 2000; Haramis et al., 2004). Bmp signaling
is important not only for a proper differentiation of the different cell types present in the
colonic epithelial layer (He et al., 2004), but also for the development of the smooth muscle
(Torihashi et al., 2009).
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Bmp are pleiotropic growth factors that belong to the transforming growth factor β (TGF-β)
family (Urist, 1965). They are synthesized as a precursor protein with an N-terminal signal
peptide (important for mature protein stability and secretion) (Hardwick, et al., 2008; Xiao,
et al., 2007; Sieber, et al., 2009; Constam and Robertson, 1999), a domain for proper folding
and an immature C-terminal domain (Nelsen and Christian, 2009; Harrison, et al., 2011).
Upon their dimerization in the cytoplasm, Bmp undergo proteolytic cleavage in the Arg-XX-Arg sequence to generate a mature C-terminal able to bind their receptor (Israel et al.,
1992; Wozney et al., 1988; Kingsley, 1994; Harrison et al., 2011; Heldin et al., 1997).
Mature Bmp, as other members of the family, present six cysteines (Schlunegger and Grütter,
1992; Daopin et al., 1992; Griffith et al., 1996) involved in the formation of homodimers or
heterodimers (Nohe et al., 2004). Bmp signaling can occur via canonical or non-canonical
pathways. Bmp canonical pathway depends on its binding to cell surface receptor complexes
formed by the type I and the type II serine/threonine kinase receptors (Helding et al., 1997)
(Figure 2).

Figure 2: Schematic representation of the canonical Bmp signaling.
Bmp ligand bind to the type I and type II Bmp receptor complex. Type II transphosphorilates the type I receptor.
Once activated, the type I receptor recruits and phosphorylates the R-Samds (Smads 1,5,8). Activated R-Smads
associate to the common mediator Smad (Smad 4) and form a complex that enters the nucleous and regulates
the transcription of differentiation-related genes. Activated R-Smads associates to the common mediator Smad
(Smad 4) and form a complex that enters the nucleous and regulates the transcription of differentiation-related
genes. Some Bmp signaling inhibitors are represented such as Noggin ans Chordin (extracellular antagonist)
and the intracellular inhibitors Smad (I-Samd). (Gámez et al., 2013).
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Of the seven members described for the type I receptor (ALK1-7), only three are involved
in Bmp signaling; BmpR1A or ALK3, Bmpr-1B or ALK6 and ActR-1A or ALK2 (Horbelt
et al., 2012). From the four type II receptor reported, only three recognize the Bmp; BmpR2,
ActR-2A, ActR-2B (Miyazono et al., 2005; Sieber et al., 2009). Once Bmp ligands bind their
receptors, a heterotetrameric complex is formed (De Caestecker, 2004), in which the type II
receptor (constitutively activated), phosphorylates the type I receptor. Then, in the canonical
pathway, the type I receptor phosphorylates the receptor-regulated Smad (R-Smad:
Smad1,5,8) (Wrana et al., 1994; Massagué et al., 2005), which then can associate with the
common mediator Smad (Co-Smad4). Together, they can be translocated into the nucleus to
regulate the transcription process (Kawabata, 1998; Miyazono et al., 2010). In addition, noncanonical Bmp signaling goes through Smad independent mechanism and regulate pathways
such as mitogen-activated protein kinases (MAPK), PI3K/Akt, protein kinase C (PKC) and
Rho-GTPases, impacting on cell proliferation, differentiation, migration and apoptosis
(Derynck and Zhang, 2003; Yamaguchi et al., 1995; Zhang, 2009; Wertz and Bauer, 2008;
Sugimori et al., 2005; Gamell et al., 2008). Bmp activity is finely regulated at different levels
and by several mechanisms (Bragdon et al., 2011); for example, through soluble inhibitors
as chordin, gremlin and noggin, which block Bmp binding to its receptor (Kosinski et al.,
2007; Zimmerman, et al., 1996; Yanagita, 2005; Piccolo, et al., 1996). In addition, inhibitory
Smad (I-Smad6, 7) exert a negative feedback upon its binding to the type I receptor,
establishing a competition with the R-Smad (Imamura et al., 1997; Nakao et al., 1997; Hanyu
et al., 2001). Also, a study by Hata et al. reported that the I-Smad6 competes with R-Smad1
for Co-Smad4 (Hata et al., 1998). Elements of this signaling are expressed in both the
epithelium and the mesenchymal compartment (Li et al., 2007). There is a gradient of Bmp
expression along the colon crypts. At the base, where the stem cells are located, Wnt/β‐
catenin signaling promotes stem cells renewal, while Bmp activity is inhibited by soluble
antagonist such as gremlin 1, 2 and chordin which are produced by mesenchymal cells
(smooth muscle cells, colonic subepithelial myofibroblasts (CSEMFs)) (Kosinski et al.,
2007; Clevers, 2006). But at the top of the crypts, Kosinski et al. demonstrated a high
expression of Bmp 1, 2, 5, 7 and the BmpR2 (Kosinki et al., 2007), then Wnt/β‐catenin
signaling is inhibited, leading to cell differentiation (He et al., 2004; Du, et al., 2015) (Figure
3).
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Figure 3: Schematic representation of the colonic stem cell niche.
Stem cells are located at the crypt base, they produce the rapid amplifying cells which will become the mature
epithelial cell types. Colonic crypt homeostasis is maintained by a critical signaling interplay. WNT and Notch
signaling are expressed at the base of the crypts and keep the proliferative rate, whereas Bmp signaling is
expressed upper in the crypts where the process of differentiation takes place (Kim, 2014).

The disruption of this gradient through mutations in signaling components (e.g Smad4,
BmpR1A) in both compartments (Jee et al., 2013; Howe et al., 1998; Howe et al., 2001;
Howe et al., 2013; Kodach et al., 2008; Shroyer and Wong, 2007), has been associate with
GI disorders such as Juvenile Polyposis, Inflammatory Bowel Disease (IBD) and colorectal
cancer (Allaire et al., 2011; Allaire et al., 2016; Burke et al., 2007; Krishnan et al., 2011;
Slattery et al., 2012; Wang et al., 2014).
1.3-IBD
Crohn’s disease (CD) and ulcerative colitis (UC) are the most representative forms of IBD
(Xavier, 2007; Podolsky, 2002). Both disorders present periods of active disease and
remission (Raghu Subramanian and Triadafilopoulos, 2016; Xavier and Podolsky, 2007;
Kaser et al., 2010), with symptoms like abdominal pain, vomiting, diarrhea, rectal bleeding
and fever (Wang et al., 2012). Extra-intestinal complications such as arthritis, osteoporosis
and anemia are also common (Stein, et al., 2010). Finally, these patients present a higher
probability to develop colorectal cancer (Kinugasa and Akagi, 2016; Xavier and Podoslky,
2007; Eaden et al., 2001). Crohn’s and Colitis Canada reported in 2012 at least 233 000
patients living with IBD with 10 200 new cases per year. More acurrate understanding of
5

these disorders is required for better prevention and medical management and for the
development of efficient therapies. In spite of the extended research in the field, IBD etiology
is not completely understood (Podolsky, 2002; Hibi and Ogata, 2006; Xavier and Podolsky,
2007). So far, IBD is described as a multifactorial disease in which genetically predisposed
individuals displayed an altered immune response to environmental factors (e.g microbiota,
diet components) (Van Klinken et al., 1999; Targan and Karp, 2005; Xavier and Podolsky,
2007; Kaser et al., 2010; Anderson et al., 2011) (Figure 4).

Figure 4: Patterns of IBD etiology
IBD is a multifactorial disease with unclear causes. However, it is thought to result from an abnormal
interaction between host and enviromental factors. Genetic suceptibility, impairement of the mucus and
epithelail barrier, dysbiosis and altered response of the innate and adaptative immune systems to commensal
microbiota, are some of the elements involved in its developement (Xavier, 2007) License#4321541412347.

UC patients develop a chronic inflammation from the rectum to proximal colonic LP (Roda
et al., 2011; Fiocchi, 1997). For UC, genome-wide association studies (GWAS) have
unveiled at least 47 risk loci including the histocompatibility complex class-2 region near
HLA-DRA gene (encoding HLA class II histocompatibility antigen, DR alpha chain),
hepatocyte nuclear factor-4α (HNF4 α), laminin-β1, CDH1 gene (encoding Cadherin-1
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protein) and E-cadherin ( Wheeler et al., 2001; Barrett et al., 2009; Silverberg et al., 2009;
Anderson et al., 2011). However, studies in monozygotic twins demonstrated that different
from CD, environmental factors prevail over inheritance in the etiology of UC (Tysk et al.,
1988; Satsangi et al., 1998; Orholm et al., 2000; Halme et al., 2006). Intestinal homeostasis
depends in part of enteric microbiota benefits (Rolhion and Chassaing, 2016; Nielsen and Ji,
2015; Honda, 2015; Costello et al., 2009). In fact, many studies point at gut microbiota
abnormalities such as the loss of its diversity (e.g reduction in Bacteroides, Eubacterium,
and Lactobacillus spp accompanied by an increase in Bacteroidetes and Proteobacteria)
(Swidsinski et al., 2002; Frank et al., 2007; Nishikawa et al., 2009; Chassaing and
Darfeuillemichaud, 2011) seems to be a primary event that triggers the subsequent
inflammation (Blaut and Clavel, 2007). So far, the mechanisms controlling the composition
of the intestinal microbiota are not so clear, but several studies demonstrated a negative effect
of antibiotics treatments (Jakobsson et al., 2010; Johanesen et al., 2015) and the impact of
the diet composition (Halmos et al., 2015; Simpson and Campbell, 2015; Sonnenburg et al.,
2016). An altered immune response to enteric elements, promotes an unbalance between
effectors and regulators of immune cell populations (Ordás et al., 2012; Xu et al., 2014; Sun
et al., 2015) as well as in their interleukins and chemokines production (Heller et al., 2005;
Neurath, 2014). Other mechanisms that could promote a dysfunctional immune system are
for example polymorphisms in Toll-like receptors (TLRs) which promote an abnormal
inflammatory response to enteric bacteria (Zhang et al., 1999; Shen et al., 2010). Excessive
or insufficent wound healing have been described as well as a major complication for IBD
(Rieder et al., 2007; Seidelin et al., 2013). Recently, studies on mucus barrier, another
element of the innate immune system, has been of particular interest in UC, as its alteration
(e.g composition, structure, thickness) impacts on epithelial protection (McCormick et al.,
1990; Pullan et al., 1994; Tytgat et al., 1996; Rhodes, 1997; Van Klinken et al., 1999; Shaoul
et al., 2004).
1.4. Goblet cells and mucus barrier: first line of defense.

In the intestine, the undigested food components are utilized by intestinal microbes. The
microbiota has a major impact, not only on processes that occur in the GI tract, but also on
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systemic functions. The intestinal microbiota thrives in the lumen within and around the
nutrient-rich environment (Sekirov et al., 2010; Guinane and Cotter, 2013). In the colon, the
microbiota is diverse and typically made up of 500–1,000 species (Huttenhower et al., 2012;
Qin et al., 2010). The mucus produced by epithelial goblet cells keeps the epithelium
lubricated (Atuma et al., 2001) and constitutes a semi-sterile space between the epithelial
layer and the intestinal contents (Van der Sluis et al., 2006; Johansson et al., 2008; Corfield,
2015; Martens et al., 2009). Goblet cells are columnar secretory cells with a very particular
morphology (Deplancke and Gaskins, 2001), where their differentiation is partially regulated
by bacteria, demonstrated by the fact that germ-free mice presented differences in goblet
cells numbers and morphology compared to wild-type mice (Karam, 1999) (Deplancke and
Gaskins, 2001). Goblet cells specification depends at first on whether Notch signaling is
activated or not. When the Notch pathway is activated, hairy and enhancer of split-1(Hes-1)
is expressed, promoting an absorptive phenotype (Katoh and Katoh, 2007). When Notch
pathway is inactivated, then atonal homolog 1 (Atoh-1) is expressed, which stimulates
differentiation towards the secretory lineage (Yang et al., 2001; Schonhoff et al., 2004;
Gregorieff and Clevers, 2005; Radtke and Clevers, 2005;

Kopan and

Ilagan, 2009;

VanDussen and Samuelson, 2010; Noah et al., 2011;). Downstream Atoh-1, other elements
such as the growth factor independent 1 (Gfi1) and the SAM pointed domain containing ets
transcription factor (Spdef) (Shroyer et al., 2007; Shroyer et al., 2005) contribute to secretoty
cell line differentiation. Another element which impacts goblet cells differentiation is the
Krüppel-like transcription factor 4 (Klf4) (Zheng et al., 2009; Ghaleb et al., 2008) as
demonstrated by the reduction of colonic goblet cells observed in Klf4 deficient mice (Katz
et al., 2002).
Colonic mucus is composed of two layers (Figure 5). The inner layer, is about 50 µm thick
in mice and firmly attaches to the epithelium and is practically sterile (Atuma et al., 2001;
Johansson et al., 2008; Johansson et al., 2014). The outer layer is about 100 µm thick and
less dense, which constitutes the perfect habitat for the microbiota, characterized by the
presence of Bacteroides acidifaciens, Bacteroides fragilis, Bifidobacteriaceae and
Akkermansia muciniphila (Bäckhed et al., 2005; Johansson et al., 2008; Johansson et al.,
2011).
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Figure 5: Schematic mucus layers organization in the colon.
Colonic mucus is formed by two layers. The inner stratified or attached layer, mostly sterile which protects
the colonic epithelium. The outher or loose layer is colonized by bacterias such as Bacteroides
acidifaciens, Bacteroides fragilis, Bifidobacteriaceae and Akkermansia muciniphila (Donaldson et al.,
2015) License#4321540709926.

Mucins could be separated in two groups; the first one is formed by the secreted mucins (gelforming and non-gel-forming mucins) such as: MUC2, MUC5AC, MUC5B, MUC6, MUC7,
MUC8, MUC9 and MUC19. The second group are the membrane-bound mucins MUC1,
MUC3A, MUC3B, MUC4, MUC11, MUC12, MUC13, MUC15, MUC16, MUC17, MUC20
and MUC21, which can be integrated into the cell membrane by their transmembrane
domains (Johansson et al., 2013; Pelaseyed et al., 2014; Kaur et al., 2013; Andrianifahanana
et al., 2006). Mucins have a complex biosynthesis, as single polypeptides are moved through
the endoplasmic reticulum and Golgi apparatus, where in addition they are subjected to posttranslational modifications, like N- and O-linked glycosylation (Faderl et al., 2015). Finally,
a complete mucin maturation implicates the addition of other modifications to the previous
structure such as acetyl, fucose or sulphate groups (Thomsson et al., 2012; Matsuo et
al.,1997).
MUC2 is the principal component of the colonic mucus (Johansson et al., 2011). Its protein
core presents a cysteine-rich N- and C- terminus regions and four Von Willebrand D domains
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(D1), D2, D'D3) (Sadler, 1998) that both contribute to the MUC2 network stabilization
(Johansson et al., 2011). In addition, MUC2 possesses PTS domains mostly formed by
proline-threonine-serine (Lang et al., 2007), which can be O-glycosylated in the Golgi
apparatus to form the mucins domains (Shirazi et al., 2000; Ambort et al., 2012). Sequential
MUC2 assembly implicates the formation of disulfide-linked dimers in the endoplasmic
reticulum by its C-terminal (Lidell et al., 2003). Followed by O-glycosylation in PTS
domains in Golgi apparatus. Subsequently, in trans-golgi, N-terminal D3 domain interactions
form disulfide-linked trimers (Godl et al., 2002) which are pack into secretory granules by
the N-terminal D1D2D'D3 domains (Ambort et al., 2012). Other components of the secretory
granules are intestinal trefoil factor, water and glycoproteins which contribute to the mucus
structure (Shirazi et al., 2000; Ambort et al., 2012).
In healthy state, small amounts of mucus are secreted by exocytosis, but upon external
stimulation, all the content can be released by two different mechanisms: via compound
exocytosis or in apocrine fashion (Deplancke and Gaskins, 2001; Wlodarska et al., 2014).
The stratified mucus layer network is formed after MUC2 release, unfolding and expansion,
which depends on an increase in pH and a reduction of the Ca2+ concentration (Ambort et
al., 2012). MUC2 changes to flat sheets, being linked to a previous secreted one (Round et
al., 2012; Schutte et al., 2014). Recently, it was demonstrated by Birchenough et al. that a
particular subset of goblet cells located in the upper part of colonic crypts intake antigens
and can induce MUC2 secretion in adjacent goblet cells (Birchenough et al., 2016). In
addition, Knoop et al described the goblet-cell-associated antigen passages (GAPs), which
capture luminal content and carry antigens to present to Dendritic Cells (DCs). The
disruption of this antigen presentation system promotes immune system activation, breaking
the oral tolerance (Knoop et al., 2015; Knoop et al., 2016). This finding opens new areas to
study of goblet cells implication in the innate immunity.
Colonic mucus protects the epithelium from intestinal pathogens such as: Yersinia
enterocolitica, Shigella flexneri, Salmonella, and Citrobacter rodentium (Mantle and
Rombough, 1993; Bergstrom et al., 2010; Arike and Hansson, 2016). Actually, it has been
proposed by Swidsinski et al that impairment of the mucus barrier represents a key role in
the development of colitis (Swidsinski et al., 2007). Thus, bacteria could reach the epithelial
layer and even penetrate deeper mucosal structures, which trigger an inflammatory response
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(Schultsz et al., 1999), as seen in IBD patients and colitis animal models (Johansson et al.,
2008; Johansson and Hansson, 2013; Abraham and Cho, 2009; Swidsinski et al., 2007).
1.5-Immune System role during homeostasis and inflamed mucosa.
The GI tract immune system is continuously challenged by enteric bacteria, virus and fungi
(Shale et al., 2013). The innate immune system provides the first line of defense, driven by
the large family of pattern recognition receptors (PRRs), such as TLRs or cytosolic PRRs
(the cytoplasmic nucleotide-binding oligomerization domain (NOD)) (Yuan and Walker,
2004). Thus, the immune system is able to recognize harmful pathogens or commensal
bacteria after the breakdown of the mucus and the epithelial layer (Medzhitov and Janeway,
2000; Janeway et al., 2001; Moncada et al., 2003; Akira et al., 2006; Kanneganti et al., 2007;
Fukata and Abreu, 2009). PRRs activates several pathways (e.g kinase, transcription factors)
which promote production of mediators (e.g. cytokines and chemoquinas) (Akira and
Takeda, 2004) ) that recruits immune cells (innate and adpatative system) located in the LP
ready to response to invaders (Akira and Takeda, 2004) that recruits immune cells (innate
and adpatative system) located in the LP ready to response to invaders (Chow et al., 1999;
Zaph et al., 2007; Maria Rescigno, 2011; Maldonado-Contreras et al., 2011). LP immune
cells belong to a complex mucosal immune system (Gill et al., 2010) in which there is a
regional difference along the intestine in immune cells proportions and functions. This
contribute to the homeostasis maintenance, depending of the intestine segment and its
physiological role, which is influenced as well by the microenvironment (Van Wijk and
Cheroutre, 2010; Cheroutre et al., 2011; Mowat and Agace, 2014). In the colonic LP a
variety of T cells population receive signals coming from the epithelial and stromal cells,
promoting a complex interaction between all components (Smith et al., 2012). TCD4+ and
TCD8+ are found in a ratio of 2:1 (Mowat and Agace, 2014) but predominantly TCD4+
provide second signals to activate innate immune cells, plasma cells, TCD8+αβ with
memory cell phenotype, and other non-immune cell types as well (Lefrançois and
Puddington, 2006; Sheridan and Lefrançois, 2011; Luckheeram et al., 2012; Shale et al.,
2013). Naïve TCD4+ can be differentiated into several subsets and then classified by their
cytokines patterns (Raphael et al., 2014). Most studies have focused on the Th1 INF-γ
producer cells, fundamentally implicated in immune response against virus and intracellular
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pathogens (Sacks and Noben-Trauth, 2002; Luckheeram et al., 2012). The Th2 pattern has
been associated with the production of IL-3, IL-5 and/or IL-13 and is essential in the immune
response to extracellular parasites (Cher and Mosmann, 1987; Mosmann and Fong, 1989;
Anthony et al., 2007; Luckheeram et al., 2012). In addition, an important function in the
colon has been demonstrated for Th17 cells which provide protection against fungi and
extracellular bacteria, releasing IL-17A, IL-17F, IL-17 A/F and IL-22 (Zhu et al., 2010).
But even if the IL-22 can be produced by Th17 and cytotoxic natural killer (NK) cells (Cella
et al., 2009; Xu et al., 2014), the main source of IL-22 is the Th22 cells, initially described
by Trifari et al. (Trifari et al., 2009; Basu et al., 2012). Regulatory T cells (Treg) secrete IL10 and TGF-β, and are implicated in the induction of oral tolerance and immune response
suppression after antigen clearance, hence the tissue homeostasis (Corthay, 2009;
Luckheeram et al., 2012; Markus F. Neurath, 2014; Stubbington et al., 2015; Raphael et al.,
2016). Finally, an uncontrolled T cells response as well as an abnormal cytokines profile has
been found during an UC active disease (Alex et al., 2009; Pandolfi et al., 2009; Neurath,
2014; Geremia et al., 2013; Chen and Sundrud, 2016).
B cells are abundant in the GI tract even in healthy condition (Brandtzaeg et al., 2005;
Brandtzaeg, 2010). B cells are derived from hematopoietic stem cells in the bone marrow
(Srivastava et al., 2005; Monroe and Dorshkind, 2007). After several maturation steps in the
bone marrow, they become follicular mature (FM) or marginal zone (MZ) B cells and can
migrate to secondary lymphoid tissues (Loder et al., 1999; Chung et al., 2003; Su et al.,
2004). Signals coming from other cells in the LP induce the B cells to release pro- or antiinflammatory cytokines, orchestrating the nature of the immune response (Xu et al., 2014).
Effector B cells protect the epithelial layer by producing IgM and IgA antibodies (Farstad et
al., 2000; Brandtzaeg, 2007), which contribute to the mucus and epithelial barrier
functionality ( Brandtzaeg, 2007). In the colon, IgA secreting cells constitute 90% of the
plasma cells (MacPherson et al., 2008; Smith et al., 2013). Soluble IgAs (sIgA) are resistant
to proteases activity and coat harmful and commensal bacteria (Latiff and Kerr, 2007;
Strugnell and Wijburg, 2010; Mantis et al., 2011; Brandtzaeg, 2013). Deficiency in IgA
activity promotes dysbiosis and lymphocytes hyperactivation in mice (Fagarasan, 2002; Wei
et al., 2011). Besides, a reduction in sIgA (Brandtzaeg et al., 2006), as well the
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autoantibodies production detected in UC patients has been associated with an abnormal B
cells activity (Takahasi et al., 1990; Goetz et al., 2007).
Macrophages are the most represented cell type in the healthy LP and its abundance is
superior in the colon in respect to the small intestine (Nagashima et al., 1996; Weber et al.,
2009; Ogino et al., 2013; Denning et al., 2007). Located close to the epithelial cells, they
contribute to the colon homeostasis through their phagocytic activity (Smythies et al., 2005)
and they promote Treg cells renewal by IL-10 secretion and epithelial regeneration and
barrier integrity via its PGE2 production (Takeda et al., 1999; Geissmann et al., 2010;
Melillo et al., 2010; Ueda et al., 2010; Hadis et al., 2011). Macrophages are divided in two
major subclasses, M1 and M2 macrophages. Polarization to M1 depends of the IFN-γ
released by NK and T cells (Th1), as well the TNF-α secreted by granulocytes or other
antigen presenting cells (APCs) (Dale et al., 2008; Spence et al., 2013; Steinbach and Plevy,
2014). M1 type produces pro-inflammatory cytokines such as TNFα, IL-12, IL-6, and
reactive oxygen and nitrogen species (iNOS) and are implicated in the elimination of
intracellular pathogens and the antitumor response (Langrish et al., 2005; Bettelli et al.,
2006; Edwards et al., 2006; Mosser and Edwards, 2008). On the other hand, IL-4 released
by granulocytes and T cells (Th2), reacting to an invasion of parasites and fungi after a tissue
injury (Mosser and Edwards, 2008), polarize macrophages towards the M2 subclass (Kredel
et al., 2013). The heterogeneous M2 macrophages secrete matrix metalloproteases (MMPs),
growth factors and are implicated in parasites elimination, ECM turnover and tumor
development (Mantovani et al., 2005; Geissmann et al., 2010; Lawrence and Natoli, 2011;
Martinez and Gordon, 2014). Misbalance between M1/M2 macrophages population has been
described by Zhu W et al. during DSS-induced colitis in mice. At 1 day of treatment, a
comparable M1 and M2 population was observed. However, a correlation between the
increase of the DAI and the M1 population was found, accompanied with a reduction on the
M2 population (Zhu et al., 2014). M1 are increased and have a key role during the
inflammatory stage of the disease (Koh and DiPietro, 2011; Delavary et al., 2011; Lech &
Anders, 2013). They contribute to the amplification of the immune response as well as the
activation and recruitment of myofibroblasts (Wynn and Barron, 2010; Tacke and
Zimmermann, 2014). M1 macrophages are increased in the LP of IBD patients, upon their
cytokines production. They contribute to the amplification of the immune response as well
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as the activation and recruitment of myofibroblasts (Mahida, 2000; Martinez et al., 2006;
Lissner et al., 2015). With the resolution of the inflammatory stage, Th2 cells promote M2
polarization, creating an anti-inflammatory environment perfect for tissue healing (Lech and
Anders, 2013). However, in an unresolved injury, M2 macrophage activity has been linked
to fibrosis development, mostly through TGFβ production (Fairweather and Cihakova,
2009).
Other immune cell types such as the neutrophils (Natsui et al., 1997; Williams and Parkos,
2007; Savchenko et al., 2011), Dendritic Cells (DCs) (Banchereau and Steinman, 1998;
Rescigno and Di Sabatino, 2009; Steinbach and Plevy, 2014), and natural killer cells
(Colucci et al., 2003) among others, are implicated in the maintenance of colon homeostasis.
However, an abnormal activity of the mucosal system (innate and adaptive system) triggers
an uncontrolled inflammatory response involved in the pathogenesis of the UC.
1.6 Colonic mucosa: Mesenchymal cells.
1.6.1 Mesenchymal cells.
Beneath the mucus barrier is located the epithelium, a single sheet of epithelial cells that
separates the luminal space from the colonic mucosa and submucosa (Simons and Clevers,
2011; Williams et al., 2016). Underneath the epithelium lies the LP, where immune cells in
close relation with stromal cells form a complex network which guarantees colon
functionality (e.g. embryonic development, host defense, epithelial cells proliferation, tissue
integrity and stem cells niche maintenance) (Pinchuk et al., 2010; Powell et al., 2011; Owens
and Simmons, 2013; Stzepourginski et al., 2017). Mesenchymal cells are a diverse group of
cells combining the mesenchymal stromal cells (MSCs), myofibroblasts, fibroblasts and
pericytes. The mesenchyme is part of the extedend entity that is the stroma. Other cells found
in the stroma are the smooth muscle cells, vascular endothelial cells, and lymphatic
endothelial cells (Mifflin et al., 2011; Powell et al., 2011). Since Cajal cells and fibrocytes
present particular properties compared to other mesenchymal cells, they are usually
separated from this group (Peng and Herzog, 2012; Sanders et al., 2014). Mesenchymal cells
present a similar ontogeny, them to discriminate between members of this family a
combination of specific markers is required (α-smooth muscle actin (α-SMA), vimentin,
CD90, desmin) (Pinchuk et al., 2010). The highest number of mesenchymal cells present in
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the LP are the fibroblast and myofibroblasts (Klingberg et al., 2013; Roulis and Flavell,
2016). Resident fibroblasts (vimentin+/desmin-/α-SMA-, fibroblast specific protein1(FSP1+), α1β1 integrin+) are found in quiescent stage in proximity to the colonic epithelium
with spindle-shaped single cell morphology (Direkze et al., 2004; Kalluri, 2016). During the
wound healing process, they become activated and are classified as myofibroblasts with an
stellate shape (Croft and Tarin, 1970; Kalluri, 2016). These activated-fibroblats acquire
characteristics of smooth muscle cells, namely contractile function (vimentin+/αSMA+/desmin-, platelet derived growth factor receptor (PDGFRβ+), fibroblast activation
protein (FAP+)), which are important for tissue repair (Adegboyega et al., 2002; Kalluri,
2016). In addition, they are able to secrete soluble factors like cytokines/chemokines,
growth factors, lipid inflammatory mediators and MMPs (Powell et al., 1999a; Pender et
al., 1997), and produce insoluble factors including collagen fibrils (Rieder et al., 2007)
(Walker et al., 2010; Powell et al., 2011; Drygiannakis et al., 2013; Kalluri, 2016).
Myofibroblasts plasticity allows them to differentiate into other cell types including
chondrocytes, myocytes, adipocytes and endothelial cells (Lorenz et al., 2008; Miyake
and Kalluri, 2014; Raab et al., 2014). Moreover, myofibroblasts located beneath the
epithelial cells on the pericryptal regions CSEMFs (Roulis and Flavell, 216), make them
essential elements for the stem cells niche with this privileged position (Crivellato et al.,
2006). The Foxl1 gene, encodes a winged helix transcriptional regulator, expressed in the
mesenchymal cells during the development and in mature GI (Kaestner et al., 1996). Aoki
et al. demonstrated that in the small intestine, there is a particular population of Foxl1+
mesenchymal cells (independent of the CSEMFs (α-SMA+)), which are able to provide Wnt
factors for the stem cell niche (Aoki et al., 2016). Recently, Stzepourginski et al. reported
the existence of a Foxl1+/CD34+/gp38+/α-SMA- mesenchymal cells population responsable
for the maintenance of the stem cells niche in the colon (Stzepourginski et al., 2017).
1.6.2 Mesenchymal-immune cells interactions.
It exists an essential crosstalk between mesenchymal and immune cells. Several factors
released by immune cells can activate myofibroblasts (Powell et al., 1999b; Van Linthout et
al., 2014). As mentionned previously, once the myofibroblast are activated, they are able to
participate in the inflammatory response though their production of cytokines,
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prostaglandins and growth factors (Powell et al., 1999b; Andoh et al., 2007; De Whiting and
Bland, 2007). They express TLRs and have the capacity to sample bacteria products (Otte et
al., 2003). Human colonic myofibroblasts can acts as non-professional APC since they
express MHCII and co-stimulator molecules (CD80 and CD86) modifying the behavior of
TCD4+ cells present in the LP (Saada et al., 2006). Mouse models demonstrate that
myofibroblasts sense LPS via TLR4 and in response they release PGE2, IL-6 and KC
(keratinocyte derived homolog of the IL-8) (Walton et al., 2009). Pathogens invasion
promotes macrophages and T cells to secrete TNF-α, inducing myofibroblasts to produce
matrix metalloproteinases (MMPs) (Sternlicht and Werb, 2001). It has been demonstrated
by Kruidenier et al., that this in turn, promotes epithelial cells to increase their production of
the neutrophil chemoattractant CXCL7 (neutrophil-activating peptide 2), promoting
neutrophils accumulation (Kruidenier et al., 2006). Moreover, myofibroblasts-derived IL-33
was found to be elevated in UC patients, promoting an increase of neutrophil recruitment but
also silencing the Th1 response (Balzola et al., 2010; Groß et al., 2012).
Furthermore, pericryptal mesenchymal stromal cells (MSCs) have an important role in the
intestinal immune system functionality. Depending of the surreonding environment they can
be polarized into pro-inflammatory or anti-inflammatory phenotype (Bernardo and Fibbe,
2013). However, they are essential promoting tolerance agaist commensal bacteria
(Fernandez-Morera et al., 2003; Parekkadan et al., 2008; Messina et al., 2017). They are able
to produce cytokines such as TGF-β in order to polarize Treg and induce regulatory
macrophages and B cells (Maggini et al., 2010; Engela et al., 2013; Peng et al., 2015),
keeping their immunosuppressive activity even during inflammatory conditions as a negative
feed back for an exacerbate immune response against invading pathogens (Ge et al., 2010;
Uccelli et al., 2008; Bernardo and Fibbe, 2013; Hoogduijn, 2015).
1.6.3 Mesenchymal cells are essential in tissue repair
Acute inflammation results in tissue damage because of the macrophages and neutrophils
activity (Boris Hinz et al., 2012). The wound healing process begins with the recruitment
and activation of fibroblasts in response to an epithelial and/or endothelial injury. At the
same time, endothelial cells damage promote and activate the coagulation process
(Bogatkevich et al., 2009; Kambas et al., 2011; Rodríguez-Pascual et al., 2014). In this case,
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even if the main source of myofibroblasts is the connective tissue resident fibroblasts (Rieder
et al., 2007; Higashiyama et al., 2011; Boris Hinz et al., 2012), other cell types could become
progenitors (Hao et al., 2006; Speca et al., 2012). Those include the intestinal stellate cells
(Rockey, 2006), fibrocytes (Rieder and Fiocchi, 2008) and even adult bone marrow stem
cells (Ishii et al., 2005). Besides, epithelial and endothelial cells could go through the
epithelial-to-mesenchymal transition (EMT) or endothelial-to-mesenchymal transition
(EndMT), contributing to the increase of the mesenchymal population(Rieder and Fiocchi,
2008; Flier et al., 2010). Myofibroblasts respond to profibrotic stimuli and activate
coagulation mediators, travelling to the injury site and producing extracellular ECM proteins
to close the wound (Powell et al., 1999a; Powell et al., 1999b; Werner and Grose, 2003;
Boris Hinz et al., 2012; Valatas et al., 2017). Other elements involved in the wound healing
process are the pericytes which are found in the peripheral blood and and regions of tissue
remodenling (Mori et al., 2005). Perycites has been described as progenitors for fibroblasts
formation (Gerhardt and Betsholtz, 2003) and are able to secrete several factors included
pro-angiogenic factors such as VEGF and PDGF (Hartlapp et al., 2001; Speca et al., 2012)
(Murray et al., 2014). Interestingly, their implication in fibrosis remains controversial.
1.7. Mammalian matrisome
1.7.1 ECM main components
The ECM network provides a scaffolding support for the cells present in the mucosa.
Additionally, play an important role through the ECM and integrins signaling (Hynes, 2009;
Frantz et al., 2010; Hynes and Naba, 2012), which impact in the stem cell behavior, hence
tissue homeostasis (Discher et al., 2009; Peerani and Zandstra, 2010; Watt and Fujiwara,
2011). ECM has been classified in two categories, the interstitial matrix and the basement
membrane, with different composition and functions (Lu et al., 2012; Bonnans et al., 2014).
In the colon, interstitial matrix is mainly composed of structural proteins like collagens
(collagen I), and glycoproteins such as fibronectin (Fleischmajer et al., 1990; Schultz and
Wysocki, 2009), whereas the basement membrane is composed of collagen IV, laminins, and
heparan sulphate proteoglycans (HSPGs), among others (Barsky et al., 1983; Aumailley and
Timpl, 1986; Havenith et al., 1988; Haraway, 2006; Yurchenco, 2011).
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Figure 6: Schematic ECM assembly.
The two subclasses of ECM differ in localization and composition. The basement membrane separates the
epithelial cells from the underlying stroma and is produced by epithelial and mesenchymal cells. The interstitial
matrix localized in the intercellular spaces is secreted by mesenchymal cells providing a structural platform for
tissues (Bonnans et al., 2014) License# 432154073536.

Collagen is a fibrous protein with at least 30 different types and it is the most representative
ECM protein in the connective tissue of the multicellular animals (Koide, 2007). In the colon,
the most abundant are the type I, followed by type III and V (Graham et al., 1988; ShelleyFraser et al., 2012). In addition of its structural function, collagen participates in several
cellular processes such as cell development, adhesion, chemotaxis and migration (Di Lullo
et al., 2002; Rozario and DeSimone, 2010). Multiple glycoproteins are also abundant in the
mammalian matrisome (Hynes and Naba, 2012). Besides their structural function they are
involved in ECM-cell communication and in growth factors availability. Upon proteolysis,
alternative structures conferring to these moelcules new biological functions (Bonnans et al.,
2014). For example, the epithelial cell adhesion molecule (EpCAM) is a glycoprotein
involved in stem cell maintenance (Sundberg et al., 2009) and wound healing (De Boer et
al., 1999; Trzpis et al., 2007). EpCAM undergoes proteolysis, which regulates its
localization (Rupp et al., 2011; Schnell et al., 2013) and influences its role in cell
proliferation (Schnell et al., 2013). In particular, fibronectin is involved in ECM orientation,
cell attachment and migration (Smith et al., 2007; Rozario and DeSimone, 2010), its
interaction with integrins at the cell surface stimulates several pathways involved in cell
proliferation (Danen and Yamada, 2001). Other proteins like tenascin promotes fibroblast
migration during wound healing process (Trebaul et al., 2007; Tucker and ChiquetEhrismann, 2009). The third component of the ECM are the proteoglycans, which are made
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by moieties of glycosaminoglycans (GAGs) covalently attached to the protein core and
inserted into the collagen network, conferring tissue resistance to compressional forces
(Yanagishita, 1993; Hynes and Naba, 2012). Because the negative charge of the GAGs,
proteoglycans bind water and divalents cations, filling all the interstitial space and being
directly involved in tissue lubrication (Järveläinen, 2009). Finally, some of them like the
heparan sulfate, serve as well as growth factors reservoirs (Sarrazin et al., 2011).
1.7.2 Wound healing and fibrosis
Tissue injury triggers wound healing, which is a complex process with several stages
including: homeostasis, inflammation, proliferation and remodelling (Moyer et al., 2007;
Reinke and Sorg, 2012) (Figure 7). Secretion of thromboxane A2 and prostaglandin 2-alpha
facilitates clot formation. Platelets reach to the wound area and release several factors such
as PDGF, epEGF and histamine, which recruit macrophages and fibroblasts (Heldin and
Westermark, 1988; Heldin and Westermark, 1999; Wynn and Ramalingam, 2012; Sinno and
Prakash, 2013). Once activated, they later secrete MMPs, lysyl oxidases (LOX) and lysyl
oxidase-like (LOXL) enzymes to degrade or cross-link respectively the provisional wound
matrix (Gill and Parks, 2008; Klingberg et al., 2013; Boris Hinz, 2015; Nissinen and Kähäri,
2015) and at the same time produce ECM proteins, mainly collagen I and III (Tomasek et
al., 2002) but also proteoglycans, hyaluronic acid, glycosaminoglycans and fibronectin (Xue
and Jackson, 2015). The activation of the complement (alternate pathway activation) and the
innate immune cells to control the pathogens invasion (Wynn, 2004; Eming et al., 2014;
Rother KTG, 1985), is accompanied by the migration of the epithelial cells into the wound
region to restore the epithelial barrier (Dignass and Podolsky, 1993; Sturm and Dignass,
2008). Subsequently, epithelial cells proliferate to compensate the damage cells, recover the
total number of cells, while an active process of angiogenesis occurs to keep the traffic of
nutrients to the affected region (Sturm and Dignass, 2008; Sinno and Prakash, 2013). Finally,
maturation of the new epithelial cells and a reduction of myofibroblasts number have been
described (Desmoulière et al., 1995; Xue and Jackson, 2015). In addition, collagen III is
exchanged by collagen I (increase tensile strengh), followed by a reduction of the neo-vessels
formation and a restitution of the blood flow (Greenhalgh, 1998).
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Figure 7: Schematic representation of the normal wound healing process.
Upon injury (a) affected cells detach from the basement membrane promoting their death and the exposure of
the ECM proteins (b). Elements that promote cell migration are expressed by adjacent cells (M: motogens) (c).
In consequence, surviving epithelial cells migrate to restore the epithelial barrier, and anoikis is inhibited (d).
Finally, cell-cell interactions as well a normal ECM-cell interactions are reinstalled (e) (Taupin and Podolsky,
2003) License#4321540198666.

However, a deregulation in one or more phases of the wound healing process leads to an
excessive accumulation of ECM proteins, tissue stiffness and ultimately fibrosis (Pucilowska
et al., 2000; Melgar, 2005; Wynn, 2008; Rieder et al., 2007; Butcher et al., 2009; Rieder and
Fiocchi, 2009; Wipff and Hinz, 2009; Latella et al., 2014). Fibrosis affects UC patients,
leading to a loss of organ functionality and contributing to the development of colorectal
cancer (Rieder and Fiocchi, 2008a; De Bruyn et al., 2015), similar to what has been found
in liver cirrhosis which promotes hepatocellular carcinoma (El–Serag, 2011) and in the
development of breast cancer, associate with an excessive collagen deposition in the breast
(Boyd et al., 2011). Since surgical intervention, anti-inflammatory and immunosuppressant

20

treatments do not resolve the problem (Wynn, 2004; Holvoet et al., 2017), a better understand
of the underlying mechanisms independent of the inflammation and the microenvironment
influence is required.
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1.8 PREMISES
Bmp is essential in colon development and in adult homeostasis, but deregulation of its
signaling has been associated with the pathogenesis of several diseases including UC.
Recently, it has been suggested that the mesenchymal microenvironment could have an
impact in this multifactorial disease. We generated a mesenchymal-specific conditional
knock-out mouse for Bmpr1a in the GI tract, which results in a functional deficiency of the
canonical Bmp-associated pathway in the colonic mesenchyme. The Bmpr1a deficiency is
driven by a Foxl1-Cre transgene, resulting in a mosaic expression pattern that inactivates the
Bmpr1a-associated signaling in the mesenchyme surrounding ~50% of the colonic crypts.
At 90 days of age, the mice display a clear phenotype with regions of colonic mucosa
showing dysplasia and mesenchymal expansion. By 1 year of age, the mice spontaneously
develop polyps, together with enlarged crypts and expanded proliferative zones. The polyp
regions exhibit a hyperactive ECM protein remodeling, increased immune cells infiltration
and elevated transcript levels for several proinflammatory cytokines and chemokines. This
phenotype has been associated with the features of Juvenil Polyposis Syndrome seen in
humans. However, in these mice, the polyps never develop into colorectal cancer. This
current work, want to specifically address the molecular relevance of the mesenchymal Bmp
signaling on mucosal integrity during an intestinal inflammation and before polyps
development.

1.9 HYPOTHESIS
Our hypothesis is that Bmp signaling in mesenchymal cells is an important regulator for
colonic mucosal integrity. Mesenchymal Bmp signaling influences the immune response, as
well as the inflammatory and healing functions of the colonic mucosa.
Objective 1:
To characterize the role of Bmp signaling in mesenchymal cells in the initiation and/or the
resolution of Ulcerative Colitis using an experimental colitis DSS model of acute injury and
acute injury followed by a 14 days recovery.
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Objective 2:
To investigate whether mesenchymal Bmp signaling contributes to the colonic mucus barrier
function and influences the severity of the inflammation. We will study the mucus
layers structure and analyze pathways implicated in goblet cells differentiation. In adittion,
we will exanimate goblet cells morphology and their functionality in regard to mucus
production.
Objective 3:
In order to characterize the immune cells infiltration, chemokines and cytokines
pattern following loss of mesenchymal Bmpr1a associated signaling, we will survey the
distribution of principal immune cells population (e.g T cells, B cells, macrophages, and
neutrophils), before and after experimental DSS- colitis induction.
Objective 4:
To investigate the Bmp mesenchymal signaling relevance in the wound healing
process. We will study the myofibroblast/fibroblast populations and their distribution
after experimental DSS-colitis induction. We will also characterize the ECM proteins
remodeling upon injury.
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2.MATERIALS AND METHODS
2.1 Animals
Transgenic mice were maintained in the animal facility under the standards of the Animal
Ethics Committee of the Université de Sherbrooke and the Canadian Council for Animal
Care (CCPA). All experiments were approved by the Animal Research Committee of the
Faculty of Medicine and Health Sciences of the Université de Sherbrooke (AEC approval
number FMSS-114-15). The transgenic line C57BL/6J Foxl1-Cre was provided by Dr.
Kaestner (Sackett et al., 2007), whereas 129SvEv-Bmpr1afx/fx mice were supplied by Dr.
Mishina (Mishina et al., 2002). We generated a conditional knock-out mouse for Bmpr1a in
the subepithelial mesenchymal cell population (Bmpr1a△MES) of the GI tract by crossing a

mouse with Bmpr1a floxed (Bmp fx/fx) with a mouse which expresses the Cre-recombinase
under control of Foxl1 promoter. This knockout results in a Bmpr1a mosaic expression
pattern in which only ~50% of the colonic crypts have active Bmpr1a-associated signaling
in the mesenchyme. Control mice were defined as Bmp

fx/fx

or Bmp

fx/+

, without Cre

recombinase expression.
2.2 Mice genotyping
For genotyping and identification of newborn mice, one of their toes was cut between the 4th
and the 10th day following their birth. For identification, genomic DNA was extracted from
the toe, genotyping was performed by chain polymerization reaction (PCR). To accomplish
that, toes were put in 75 μl of NaOH solution (25mM) EDTA (0.2mM) at 95ºC for 1 hour.
The solution was neutralized with 75 μl of Tris-HCl (40 mM) at pH 5.5. Then, solutions were
centrifuged at 4000 rpm for 3 minutes to pellet all debris found in the solution. Subsequently,
the PCRs were performed with specific primers (Table 2), to allow the detection of alleles
associated with the genotype.
The Bmpr1a PCR reaction was performed with 1 μl of amplification buffer (10xPCR Rxn
buffer, Invitrogen), 0.3 μl of 50mg MgCL2(Invitrogen), 4 μl of DNA previously diluted 1:6
in H2O, 0.1μl of amplification enzyme (Platinum Taq DNA Polymerase, Invitrogen), 0.5 μl
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of each of the specific primers diluted to 10 mM (IDT Technology, Coralville, IA, USA),
0.2 μl of dNTPs (10 mM, Invitrogen) and 3.4 μl of sterile water.
The Foxl1-Cre PCR reaction was performed using 2.5 μl of amplification buffer (3.73 g of
KCl, 0.31 g of MgCl2, 10 ml of Tris-Cl (100 mM pH 8) in 100 ml total) and 1 μl of DNA.
To determine the specific genotype for each mouse, 1μl of amplification enzyme, 1 μl of
each of the specific primers diluted to 10 mM (IDT Technology, Coralville, IA, USA), 0.5
μl of dNTPs (10 mM, Invitrogen) were mixed before completing to “final volume” with 20
μl of sterile water.
For each pair of primers used (Table 2), a specific pairing temperature was set in order to
obtain the desired PCR product, that would allow to properly determine the genotype of each
mouse. PCR products were visualized by migration on 1.5% agarose gel (Roche,
Indianapolis, IN, USA) at 110 volts for 30 minutes.
Table 1: Primers used for PCR genotyping
Genotype
Foxl1-Cre
Bmpr1a
LoxP/LoxP

Primers

T° app

Cycles

Product(pb)

5'- GCA GCT GCT GCT GCA GCC TCC-3'
5'-TGG CTA CAA TTT GTC TCA TGC-3'

55

30

255

40

350 (loxP allele)
255(wild type
allele)

5'- GCG GCA TGG TGC AAG TTG AAT -3'
5'- CGT TCA CCG GCA TCA ACG TTT -3'

64

2.3 Colitis induction and mice sacrifice
Colitis was induced in p90 days old Bmpr1a△MES and littermate control mice with Dextran
Sodium Sulfate salt (DSS), using two strategies. First, an acute colitis was induced, by giving
the mice 2% (wt/vol) (DSS) (molecular weight 36-50 kDa; ICN Biochemicals, Aurora, OH)
dissolved in drinking water for seven days. The second strategy was the induction of an acute
injury followed by a recovery phase. For this purpose, mice were given DSS (3%) for 7 days
followed by 14 days on tap water or 5 days followed by 14 days on tap water (molecular
weight 40kDa; MP Biomedicals, Soho, OH, USA) (n=12 mice in each group with same ratio
of female and male). Mice were anesthasized by intramuscular injection of 10 μl per 10 gram
of body weight, with a mixture of ketamine hydrochloride (100 mg/ml), xylazine (13 mg/ml)
(Wyeth, Guelph, ON) and euthanized by cervical spine dislocation. Whole blood was
collected by cardiac puncture in BD Vacutainer Whole Blood Collection Tube 2mL
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Lavender (Becton drive, Franklin Lakes, US) and centrifuged at 3000 rpm, 4°C for 10
minutes. The plasmas were transferred to new polypropylene tubes and stored at −80°C until
analysis. GI tract was removed and segmented according to the specific regions of the
digestive tract. Samples were put on a plate of cold glass to slow down the tissue degradation
process. Depending on the experiments to be performed, the tissues were preserved
differently for histological studies (Section 2.10-2.12), for RNA extraction (section 2.132.15) and/or protein extraction (Section 2.16-2.17).
2.4 Tissue fixation methods
After collection, tissues were incubated overnight (14 to 18 hours) in cassettes at 4°C, in
PFA (Fisher Scientific, Fair Lawn, New Jersey, USA). Subsequently, cassettes were rinsed
twice with 70 % ethanol and then stored at 4°C in a 70% alcohol solution. For mucus layers
analysis, tissues were placed 2 hours at 4°C in Carnoy’s solution (60 % ethanol, 30%
chloroform, 10% glacial acetic acid). Following incubation, tissues were removed and
deposited directly in 100% alcohol. Finally, all samples were transferred to the Histology
Research Core of the FMSS at the Université de Sherbrooke, for their circulation and
inclusion.
2.5 Evaluation of Colitis
2.5.1 Macroscopic analysis
Animals were weighed daily, and the weight lost percentage was plotted in graphics. In
addition, the Disease Activity Index (DAI) was assessed by calculating a score with the sum
of different parameters (Table 2) adapted from Cooper et al. (Cooper et al., 1993). The
overall DAI range from 0 (unaffected) to 4 (severe colitis). The contribution of each
parameter evaluated in the overall DAI was determined as well.
2.5.2 Microscopic analysis
Bmpr1a△MES and littermate control colons were fixed in extended orientation in neutral 4%

paraformaldehyde (PFA) (Fisher Scientific, Fair Lawn, New Jersey, USA) followed by
paraffin embedding (Zarepour et al., 2013). Histological scoring was compiled by the
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analysis of 12 high-field images of Hematoxylin & Eosin (H&E) (session 2.7) stained
sections taken blindly in scanned slides (Nanozoomer, Hamamatsu, Japon). Scoring was
based on Dieleman et al. (Dieleman et al., 1996). Histological colitis score was calculated
as the sum of different parameters (Table 3), resulting the total histological colitis score a
score ranging from 0 (unaffected) to 4 (severe colitis). The impact of each parameter in the
histological colitis score was studied as well.
Table 2: DAI parameters
Parameters

Score
0=None

Blood in feces

1=Lightly colored
2=Colored
4=Heavily colored
0= Solid

Stool consistency

1=Loose and adhering to the anus
2=Severe diarrhea
4=Emptied colon
0=None

Rectal bleeding

1=Lightly
2=Moderate
4=Heavily
0=None

Colon hardness

1=25%
2=50%
3=75%
4=100%
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Table 3: Histological colitis score
Parameters

Score

Severity of inflammation

0=None
1=Mild (< 25%)
2=Moderate (25-50%)
3=Severe (50-200%)

Extent of inflammation

0=None
1=Mucosa
2=Mucosa and submucosa
3=Transmural

Crypt damage

0=None
1=First 1/3 of the Crypt base
2=2/3 of the crypt base
3=Only surface epithelium remaining
4=No epithelium remaining

2.6 Electron microscopy analysis
Distal colon pieces from p90 days old Bmpr1a△MES and control littermates were fixed with
2.5% glutaraldehyde in 0.1 M cacodylate buffer pH 7.4 at 4°C for a minimum of 12 hours.
Then, samples were transferred to the Histology Research Core of the FMSS at the Université
de Sherbrooke, where the rest of the procedure was performed. Briefly, after two rinses with
0.1 M cacodylate buffer pH 7.4, samples were incubated in a solution containing 1% osmium
tetroxide in cacodylate buffer for 90 minutes. Tissues were dehydrated using increasing
concentrations of ethanol (70, 85, 95 and 100%) and propylene oxide. Then, samples were
infiltrated in Epon 812 resin which was left at 60°C for 48 hours to polymerize. Sections (80
nm) were prepared using a Leica Ultracut UCT ultramicrotome (Leica MicroSystem,
Concorde, On, Canada) in contrast to lead citrate and uranyl acetate. The sections were
observed under a Hitachi H-7500 transmission electron microscope (Hitachi, Schaumburg,
IL, USA).
2.7 Hematoxylin & Eosin
Slides were heated to 60°C for 15 minutes and then, rehydrated in decreasing ethanol
concentrations as shown in Table 4. Sections were stained with filtered 0.1% Gill
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Hematoxylin (Poly Scientific; Cat #s210-8oz) for 3 minutes and rinsed in running water for
5 minutes. After, sections were placed in 1% of Acid Alcohol solution (HCl/EtOH 95%)
about 30 seconds to be washed for 1 minute. Slides were incubated in Ammonia water (1 g
sodium bicarbonate in 1L of distilled water pH 8.0) for 1 minute, and then washed 5 minutes
in running water. Finally, sections were stained with Eosin solution (Fluka St. Louis, MA,
USA) for 1 minute 30 seconds and rinsed in running water for 5 minutes. Dehydration
process (Table 5), was performed by 2 min washes in increasing concentrations of ethanol
(70%, 95%, and twice in 100%), followed by immersion in xylene twice, 1 minute each. To
be finally cover with a glass microscope slide (VWR, West Chester, PA, USA) with a drop
of Vectamount (Vector Laboratories, Burlingame, CA, USA) and analyzed by a multi-leaf
scanner with visible lights (Nanozoomer Hamamatsu, Japan). Images were taken using the
NDP.view2 software.
Table 4: Tissue rehydration process
Solution

Incubation time

Xylene

2x 5 minutes

EtOH 100%

2x 2 minutes

EtOH 95%

1x 1 minute

EtOH 80%

1x 1 minute

EtOH 70%

1x 1 minute

H2O

1x 1 minute

Table 5: Tissue dehydration process
Solution

Incubation time

EtOH 100%

1x 2 minutes

EtOH 95%

1x 2 minutes

EtOH 80%

1x 2 minutes

EtOH 70%

1x 2 minutes

Xylene

1x 1 minute

Xylene

1x 1 minute

2.8 Trichrome Masson staining
After deparafinization and hydration as show in Table 4, slides were placed in contact with
Bouin solution (HT-10-1, Sigma-Aldrich, St. Louis, MA, USA) for 15 minutes at 56 ° C. t
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3Bouin solution was removed by rinsing in running water for 5 minutes, followed by 2
minutes in distilled water. The slides were soaked for 5 minutes at RT in a solution of Scalert
Acid Fushin (HT-15-1 Sigma-Aldrich, St. Louis, MA, USA) before being rinsed rapidly in
distilled water. The slides were subsequently brought into contact with a solution of
phosphotungstic acid and phosphomolybdic acid (ratio 1:1) for 5 minutes and directly put in
blue Aniline solution (HT-15-4 Sigma-Aldrich, St. Louis, MA, USA) for 5 minutes.
Counterstaining was performed by placing the slides in 1% Acetic Acid solution (Poly
Scientific, Bay Shore, NY, USA). Dehydration and the mounting process was performed as
in session 2.7. Slides were scanned with Nanozoomer 2.0-RS (Nanozoomer, Hamamatsu,
Japon) and images were taken using the NDP.view2 software.
2.9 Alcian Blue staining
Carnoy or PFA fixed sections were deparaffined and rehydrated as in Table 4. Slides were
stained with Alcian Blue solution (Poly Scientific, Bay Shore, NY, USA) (1% Alcian Blue
in 3% acetic acid pH 2.5) for 30 minutes at RT in a humidified chamber. Then, slides were
washed in running tap water for 2 minutes and briefly rinsed in distilled water.
Counterstaining was performed with Nuclear Fast Red solution (Electron Microscopy
Sciences Hatfield, PA) for 15 minutes at RT. Afterwards, slides have been washed in running
tap water for 1 minute. Dehydration and the mounting process was performed as in session
2.7. Slides were scanned by a multi-leaf scanner with visible lights Nanozoomer 2.0-RS
(Nanozoomer, Hamamatsu, Japon) and images were taken using the NDP.view2 software
2.10 Immunohistochemistry (IHC)
Parafin-embedded colon sections were treated as in Table 4. After, slides were placed in
monohydrate citric acid (10 mM, pH 6.0) (Fisher Scientific, Fair Lawn, NJ, USA) for 12
minutes into a microwave (Goldstar). Subsequently, the buffer was cooled for 20 minutes at
Room Temperature (RT) and slides were washed in running tap water for 10 minutes.
Endogenous peroxidase was blocked with 0.3% H2O2 supplied in the kit HRP Dako
Envision+System-HRP (Dako North America Inc, CA, USA) for 5 minutes. Sections were

30

rinsed in PBS1x and incubated for 40 minutes at RT in PBT blocking solution (PBS 1x, 2%
BSA, (Roche, Indianapolis, IN, USA), 0.2% Triton X100 (Fisher Scientific, Fair Lawn, New
Jersey, USA) and 2% Fetal Goat Serum (FGS) in humid chamber. After blocking, sections
without previous rinsing were directly incubated in a humidified chamber, overnight at 4°C
with primary antibodies against CD3 (1:200) (DAKO) and CD68 (1:750) (Aviva Biosystems
CA, USA) diluted in PBT+2% FGS. Succeeding, colon sections were rinsed 3 times in 1x
PBS and incubated with a secondary anti-rabbit supplied in the kit HRP Dako
Envision+System-HRP (Dako North America Inc, CA, USA) for 1 hour 30 minutes at RT in
a humidified chamber (protected from light). Slides were rinsed twice in 1x PBS. A further
incubation was performed with 3,3'-diaminobenzidine (DAB) and DAB substrate buffer
(freshly prepared before use: 20 µl of DAB, 1ml DAB substrate buffer). Color development
was allowed for 1 minute and the reaction was stopped incubating slides in sterile water for
1 minute. Counterstaining step was performed immersing slides in Mayer’s Hematoxylin
(Dako North America Inc, CA, USA) for 5 seconds at RT. After, sections were washed in
running tap water for 2 minutes and stained for 30 seconds with acid-alcohol (95% Ethanol,
5% HCl). Subsequently, slides were washed for 2 minutes in running tap water. Finally,
slides were incubated for 1 minute at RT in Bluing solution (2 ml Ammonium hydroxide in
1L of distilled water). After being washed for 5 minutes in running tap water, dehydration
and the mounting process was performed as in session 2.7. Slides were scanned with
Nanozoomer 2.0-RS (Nanozoomer, Hamamatsu, Japon) and images were taken using the
NDP.view2 software.
2.11 Immunofluorescence
Paraffin-embedded colon sections were deparaffinized for 20 minutes at 60°C and
rehydrated as in Table 4. Sections were rinsed in 1x PBS and incubated for 40 minutes at RT
in PBT blocking solution (1x PBS, 2% BSA, (Roche, Indianapolis, IN, USA), 0.2% Triton
X100 (Fisher Scientific, Fair Lawn, New Jersey, USA) in a humid chamber. After blocking,
sections without previous rinsing were incubated with primary antibodies diluted in PBT in
a humid chamber, overnight at 4°C. Primary antibodies information and conditions of use
are summarized in Table 4. Then, colon sections were rinsed 3 times in 1x PBS and incubated
with secondary antibodies (Table 5) for 1 hour 30 minutes at RT in a humid chamber
31

(protected from light). Next, colon sections were rinsed twice in 1x PBS and then, stained
with 4’,6-diamidino-2-phenylindole (DAPI) (diluted 1:100 in 1x PBS) (Sigma-Aldrich, StLouis, MA, USA) to stain nuclei, for 30 seconds at RT protected from light. Once finished
the counterstaining, sections were washed 3 times for 5 minutes and quickly rinsed in
distilled water. Immu-Mount mounting medium (Thermo Scientific, UK) was used as slides
were sealed and stored in the dark at 4°C until examined using microscope Leica DM 2500
OPTIGRID (Leica Microsystems CMS GmbH, Germany).
Table 6: Primary antibodies used for IF
Primary
antibodies

Conditions

Source

Cat. Number

Provider

MUC2

1:200

Rabbit

(H-300): sc-15334

Santa Cruz

UEA-1

1:500

FITC-couple

L9006

Sigma

CD45R/B220

1:100

Rat

14-0452-81

eBiocience

Collagen I

1:150

Rabbit

PA1-85319

Thermo Scientific

Collagen IV

1:500

Rabbit

AB756P

Chemicon International

Fibronectin

1:100

Rabbit

AB2033

Millipore

α-SMA

1:5000

Mouse

A2547

Sigma

Vimentin

1:100

Rabbit

5741S

Cell signaling

Table 7: Secondary antibodies used for IF
Secondary antibodies

Conditions

Source

Cat. Number

Provider

Anti-Rabbit IgG Fab'2 (Alexa 488)

1:300

Goat

4408S

Cell Signaling

Anti-Mouse IgG Fab '2(Alexa 568)

1:400

Goat

4412S

Cell Signaling

Anti-Rat IgG H+L (Alexa 568)

1:300

Goat

A11077

Invitrogen

2.12 Fluorescence in vitro hybridization
Paraffin-embedded Carnoy-fixed colon sections before and after treatments were
deparaffinized and hydrated with distilled water as in Table 4. Tissues were hybridized
overnight at 50°C, with 10 ng/µl of a general bacterial 16S rRNA probe (EUB338) (IDT
Technology, Coaralville, IA, USA) in hybridizing buffer (20mM Tris-HCl, 0.9 M NaCl,
0.1% SDS, pH 7.4). A nonsense probe (NS_EUB338) was used as a control for nonspecific
binding (Table 6). DNA was stained with DAPI (Sigma-Aldrich, St- Louis, MA, USA) for
30 seconds. After, the slides were washed twice in wash buffer (20mM Tris HCl, 0.9 M
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NaCl, pH 7.4). Sections were mounted with Immu-Mount mounting media (Thermo Fishier
Scientific, UK) and images were obtained at 20x in a Leica DM 2500 OPTIGRID microscope
(Leica Microsystems CMS GmbH, Germany).
Table 8: Fish probes
Primer

Sequence

cy3_EUB388_sense

5'-/5Cy3/GCT GCC TCC CGT AGG AGT-3'

cy3_NS_EUB388

5'-/5Cy3/CGA CGG AGG GCA TCC TCA-3'

2.13 RNA isolation
Approximately 1 cm of proximal and distal colon tissue were disrupted mechanically in
presence of 750 μl of the denaturation solution of the Totally RNA kit (Ambion, CA, USA)
and using 5 mm stainless steel beads (Qiagen, MD, USA) in a TissueLyser LT (Qiagen, MD,
USA). Samples were placed in the machine for 3 minutes at 50% amplitude, then incubated
10 minutes in ice. The second round of disruption was performed for 2 minutes at 50%
amplitude, followed by 10 minutes of incubation in ice and then, samples were centrifuged
at 4°C for 15 minutes at 13 000 rpm. Supernatants were collected and kept at -80°C until
their analysis. In a new tube, to 300 μl of sample was adjusted 300 μl of phenol: chloroform:
IAA pH 6.6, samples were vortex vigorously for 1 minute and then incubated in ice for 5
minutes. After centrifugation at 10 000 rpm, for 10 minutes at 4°C, the aqueous phase was
transferred to a new tube, volume was measured and adjusted 1/10 volumes of 5mM Sodium
Acetate Solution pH 5.5 (Ambion, CA, USA). The solution was mixed by inversion about
10 seconds and was adjusted with 300 μl of Acid: Phenol Chloroform pH 4.5 (Ambion, CA,
USA). Samples were vortexed vigorously for 1 minute and then incubated in ice for 5
minutes. By centrifugation at 4°C, 10 000 rpm for 10 minutes, the aqueous phase was
separated, and the upper phase was transferred to a new tube. Volume was measured and
adjusted with equal volume of isopropanol (Ambion, CA, USA). Samples were incubated
at -20°C for 40 minutes. RNA was recovered by centrifugation at 4°C, 10 000 rpm for 10
minutes. The supernatant was discarded by gentle aspiration. Samples were dried at 37°C for
5 minutes, followed by 10 minutes under the hood. RNA pellets were resuspended in 40 μl
DEPC water/EDTA (Elution buffer: Ambion, CA, USA), incubated for 10 minutes and
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vortexed about 30 seconds. Samples were placed at 70°C for 3 minutes, and vortexed one
more time about 30 seconds. RNA concentration was determined by measuring samples
absorbance at 260nm in a Nanodrop spectrophotometer (ThermoScientific, DE, USA).
Subsequently, 20 μl of 10 mM LiCl (Ambion, CA, USA) were added to each sample and
were incubated at -20°C for 40 minutes. After low dried centrifugation at 4°C, 4000g for 5
minutes, supernatants were discarded, and pellets were dried for 5 minutes a 37°C. Pellets
were resuspended in 40 μl DEPC water/EDTA (Elution buffer: Ambion, CA, USA),
incubated for 10 minutes at RT, gently vortexed about 30 seconds, heated for 2 minutes at
70°C and finally, gently vortexed about 30 seconds. RNA final concentration was determined
by measuring samples absorbance at 260nm in a Nanodrop spectrophotometer
(ThermoScientific, DE, USA). RNA purity was determined by measuring A260/A280nm
and A260/A230 ratios. In addition, RNA quality was corroborated in the Rnomics Platform,
FMSS at the Université de Sherbrooke.
2.14 Reverse transcription (RT)
Samples were prepared with 2μg of RNA, 1 μl of 50mM EDTA and completing to 10μl as
final volume with water. Master mix was made with 4 μl of 5X AMV buffer (Roche,
Indianapolis, IN, USA), 0,5µL), 0.7 μl water DEPC, 0.8 μl dNTPs (25mM) (Invitrogen,
Carlsbad, CA, USA), 2.4 μl Oligos p(d)T (IDT Technology, IA, USA), 0.6 μl RNase
inhibitor (Invitrogen, Carlsbad, CA, USA) and 1.5 μl AMV reverse transcriptase (Roche,
Indianapolis, IN, USA). Samples were heated to 70°C for 5 minutes, and then, placed on ice
for 5 minutes. To10 μl of the master mix, 10 μl of samples was added. The final 20 μl were
well mixed and incubated in a water bath at 42°C for 1hour (PolyScience, Illinois, USA).
The reaction was stopped by incubation in a dry bath incubator 95°C for 5 minutes (Fair
Lawn, New Jersey, USA). For 2μg of RNA, 380 μl of water were added and stored at -20°C
until its analysis.
2.15 Quantitative real-time RT-PCR
To 2 μl of sample were added 18 μl of the master mix made with 10 μl SYBR Green (Roche
Diagnostics, Mannheim, Germany), 6 μl water and 1 μl of each primer. Primers (IDT
Technology, IA, USA) for each target gene were designed to cover two different exons
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(Table 6). Real-time PCR was performed in an SYBR Green fluorescence temperature cycler
(LightCycler, Roche Diagnostics, Mannheim, Germany). Samples were analyzed in
duplicate and the standard curve in triplicate, where target genes were compared to the
housekeeping gene expression TBP (Tata-box binding protein).
Table 9: Real-Time RT-PCR primers
Primers

Species

Sequence

T°

Product(pb)

Muc2

Mus Musculus

5'-CTT CAA TTG GTC CTG TCCAT-3'

60

214

60

139

60

149

60

265

60

255

60

147

60

209

60

111

5'-CCT GTCTGGGAGGATCAAAA -3'
Klf4

5'-AGTTCCCAGCAAGTCAGCTT-3'

Mus Musculus

5'-AAACTTCCAGTCACCCCTTG -3'
Muc3

5'-CTTCCAGCCTTCCCTAAACC-3'

Mus Musculus

5'-TGGCTAAACACGCTTCTCCT-3'
Tff3

5'-GCTGCCATGGAGACCAGA-3'

Mus Musculus

5'-GAGCCTGGACAGCTTCAAAA-3'
Hes-1

5'- CGGCATTCCAAGCTAGAGAAGG-3'

Mus Musculus

5'- GGTAGGTCATGGCGTTGATCTG-3'
Math-1

5'-CCAGTATCTGCTGCATTCTCC-3'

Mus Musculus

5'-CAGCTGTTCCCGTACTTTGAC-3'
Fut2

5'-GAGTCAAGGGGAGGGAGAAC-3'

Mus Musculus

5'-CCAGGGCTACAGAAGTGGAC-3'
TBP

5'-GGGGAGCTGTGATGGGAAGT-3'

Mus Musculus

5'-GGAGAACAATTCTGGGTTTGA-3'

2.16 Protein extraction and quantification
Approximately 1 cm of proximal and distal colon tissues were disrupted mechanically in 750
μl of RIPA lysis buffer (50mM Tris-HCl pH 7.5, 1mM EDTA, 0.5% Triton X-100, 0.2%
SDS, 1% NP-40, 0.5% sodium deoxycholate) containing protease and phosphatase inhibitors
(10ul/ml

PIC,

2ul/ml

of

sodium

orthovanadate

10µl/ml

de

PMSF

(fluorite

phenylméthanesulfonyle, Sigma-Aldrich, St-Louis, MA, USA) and using 5 mm stainless
steel beads (Qiagen, MD, USA) in a TissueLyser LT (Qiagen, MD, USA). Samples were
homogenized for 3 minutes at 50% amplitude and then, incubated 10 minutes on ice. A
second round of disruption was performed for 2 minutes at 50% amplitude, followed by 10
minutes of incubation in ice, and finally samples were centrifuged at 4°C for 15 minutes at
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13 000 rpm. Tissue lysates were quantified by a Bicinchoninic Acid (BCA) assay (Pierce
BCA Protin Assay kit, Rockford, 209USA). BCA working reagent (WR) was prepared by
mixing 50 parts of BCA Reagent A with 1 part of BCA Reagent B. A standard curve with
Bovine Serum Albumin (BSA) (Roche Diagnostics GmbH, Mannheim, Germany) was
prepared with BSA stock (1 mg/ml, dissolved in H2O) and then, 8 serial dilutions were made
with a range of 25-1 µg/ µl. To a 96 wells plate 25 μl of each sample (2 μl of sample, 23 μl
of water) in 200 μl of the WR was added by duplicate. The plate was incubated at 37°C for
30 minutes (Isotemp Incubator, Fisher Scientific, Fair Lawn, New Jersey, USA). Samples
concentrations were determined by reading the absorbance at 562nm on a microplate reader
(Versamax, Molecular devices).
2.17 Protein analysis by Western Blot
Equal amounts of protein (10μg) from distal colon of p90 days old mice were mixed with
1.6 μl of 10x NuPAGE reduction agent and 4 μl of 4x NuPAGE LDS Sample Buffer. Volume
was completed to 16 μl with sterile water. Samples were heated at 70°C for 10 minutes and
centrifuged at 2000g for 2 minutes, to be subjected to sodium dodecyl sulfatepolyacrylamide gel electrophoresis on 3–8% Tris-acetate gradient gels NuPAGE system
(NuPAGE, Invitrogen, Carlsbad, CA). A HiMark Pre-Stained Protein Standard (Thermo
Fisher Scientific, Fair Lawn, New Jersey, USA) was used to verify target proteins molecular
weight. 1L of Tris-Acetate running buffer was prepared (50ml of 20x NuPAGE SDS
Running buffer, 950ml of deionized water). Of this, 200 ml were mix 200 μl of NuPAGE
antioxidant were added in the upper (inner) buffer chamber of the Xcell Surelock Mini Cell
(Thermo Fisher Scientific, Fair Lawn, New Jersey, USA). The rest was added to the lower
(outer) chamber of the Xcell Surelock Mini Cell (Thermo Fisher Scientific, Fair Lawn, New
Jersey, USA). The running was performed for 1hour at 150 V (constant). After
electrophoresis was completed, proteins were transferred to a PVDF membrane (Roche
diagnostic, Indianapolis, IN, USA). Blot module of the XCell II Blot module (Thermo Fisher
Scientific, Fair Lawn, New Jersey, USA) was filled with about 300ml of 1x NuPAGE
Transfer buffer (15 ml NuPAGE Transfer buffer, 255 ml of deionizing water) with 10% of
methanol. Lower Buffer chamber was filled with deionized water. To transfer one gel, power
conditions were set at 30 V(constant) for 1 hour. The membrane was stained briefly with
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Ponceau S solution (Sigma, St. Louis, MA, USA, P7170) to confirm the transfer quality.
Ponceau S solution was eliminated by washing 3 times for 5 minutes at RT using TBS-T
wash buffer (TBS 1x, 0,1% Tween 20). Membrane blocking was performed for 1 hour in 5%
milk-TBS-T at RT. Membrane was washed 3 times in TBS-T for 10 minutes. Overnight
incubation at 4 °C was performed for MUC2 H-300 primary antibody (Santa Cruz
Biotechnology, California, USA) diluted 1:500 in TBS-T. Blot was rinsed 3 times in TBS-T
for 10 minutes and then incubated with anti-rabbit secondary antibody (Cell Signaling, Trask
Lane Danvers, USA) diluted 1:5000 in TBS-T, for 1 hour at RT. Chemiluminescent substrate
ECL solution Western Blotting Detection System TM (Amersham Bioscience, England)),
was added to the blot. Blot was incubated for 1 minute at RT in presence of 1ml of 1 part of
solution A, 1 part of solution B (A: B, 1:1). The blot was exposed to a photographic film
HyperfilmTM (Amersham Biosciences, England). For densitometry analyses, exposed films
of Western blots were scanned, and images were analyzed using ImageJ (Rasband WS,
ImageJ, United States National Institutes of Health, Bethesda, MD).

2.18 Statistics
Statistical significance was calculated by Mann Whitney test using GraphPad Prism
Software Version 7. Statistical significance is presented as *, p<0.05; **, p<0.01; ***,
p<0.001; ****, p<0.0001. All data represented the mean ± SEM.
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3.RESULTS
3.1 Bmpr1a△MES mice under inflammatory stress are more susceptible to colitis
induction and present a delay in the wound healing process.
Described first by Okayasu et al. (Okayasu et al., 1990), chemical colitis induction by DSS
have been extensively used as simple and controllable model which reproduce the clinical
hallmark of the human UC disease (Wirtz and Neurath, 2007). To study the role of the
mesenchymal Bmps signaling in the initiation of colonic inflammation, both controls and
Bmpr1a△MES mice were given DSS for 7 days (acute protocol). Colitis induction in controls
and Bmpr1a△MES mice was followed by body weight decrease and DAI analysis. A

significant reduction in body weight was observed in Bmpr1a△MES mice compared to control

mice from day 5 until the end of the experiment. In addition, an experimental male died
before the end of the treatment (Figure 8).

Figure 8: DSS administration induces stronger weight loss in Bmpr1a△MES mice than in control mice.
Representative weight loss curves following acute DSS administration. Values were expressed in mean ± SEM
(n=12). Statistical significance using Mann Whitney test is shown by * (P<0.05), ** (P<0.01), death .

In the acute injury followed by a recovery phase we detected the same pattern. During the
test with 3% DSS for 7 days followed by 14 on tap water, a significant decrease in the body
weight of Bmpr1a△MES mice was observed between days 5 and 7, as compared to controls

(Figure 9). Although in both groups, body weight recovery was similar from day 11 until the
end of the experiment, 8 Bmpr1a△MES mice died (38%) compared to only 4 control mice
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(17%). For that reason, for the rest of this document, I will be using the data coming from
the recovery study performed with 3% DSS for 5 days followed by 14 days on tap water.

Figure 9: Bmpr1a△MES mice presented a decrease in survival compare to control mice.
Representative weight loss curve of the recovery experiment. Bmpr1a△MES mice (red line) presented a superior
decrease in weight compare to controls (blue line). Values were expressed in mean ± SEM (n=12). Statistical
significance using Mann Whitney test is shown by **** (P<0.0001), death .

Mice from an independent experiment were sacrificed on day 7th and 19th and an assessment
of the DAI was performed. A macroscopic analysis of blood in feces, stool consistency, rectal
bleeding and colon hardness showed only a significant difference in the overall DAI between
controls and Bmpr1a△MES mice for the acute DSS treatment (1.6- fold, P<0.01) (Figure 10).

We next analyzed separately all parameters implicated in the overall DAI (Figure 11). This
allows us to characterize the contribution of each clinical features observed in the model.
The stool consistency (1.7-fold, P<0.05) and the occult fecal blood (1.7-fold, P<0.05) were
parameters that were significantly increased in the overall DAI (Figure 11A and B).
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Figure 10: Clinical manifestation of DSS colitis are increased in Bmpr1a△MES mice.
Overall DAI analysis was performed in both DSS treatments. Clinical features of the UC were evaluated using
a score ranging from 0 (unaffected) to 4 (severe colitis). Values were expressed in mean ± SEM (n=12).
Statistical significance using Mann Whitney test is shown by ** (P<0.01).

A

C

B

D

Figure 11: Stool consistency and occult fecal blood are significantly increased in Bmpr1a△MES mice.
DAI parameters were separately analyzed. A) Stool consistency. B) Colon Hardness. C) Occult fecal blood. D)
Rectal bleeding. Values were expressed in mean ± SEM (n=12). Statistical significance using Mann Whitney
test is shown by * (P<0.05).
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An histological evaluation was performed by H&E staining, before and after each treatment.
As shown in Figure 12, before treatment (90 days old mice), a normal colonic mucosa was
detected in both groups (controls and Bmpr1a△MES mice) (Figure 12A and B respectively).

After the acute treatment, control mice displayed crypts erosion with a slight immune
infiltration but preserved the epithelial layer (Figure 12C). Whereas in Bmpr1a△MES mice we
observed a complete loss of the crypt architecture, a strong influx of immune cells as well as

a total loss of epithelial cell layer (Figure 12D). After the recovery phase of 14 days on tap
water, control mice exhibited almost a normal colonic mucosa (Figure 12E) compared to
Bmpr1a△MES mice (Figure 12F), which still presented regions with crypts abscess and even

with denuded epithelium as well as a significant immune cell infiltration.

Figure 12: Loss of Bmpr1a-associated mesenchymal signaling predispose mice to a severe DSS colitis.
H&E in paraffin-embedded colon sections before and after treatments. A normal mucosa architecture was found
before treatments in both groups (A and B). After 7 days with 2% of DSS, control mice presented crypt erosion
but conserve the epithelial layer (C). Bmpr1a△MES mice loss all epithelial cells (D). At 19 days, controls are
close to present a normal colonic mucosa (E). Bmpr1a△MES mice still presented an important immune
infiltration and regions with crypt distortion (F). Magnification Bar = 250µm.

H&E analysis demonstrated significant differences between controls and Bmpr1a△MES mice
in both strategies. Damage of the colonic tissue in each group was assessed by a histological

score. In all cases, Bmpr1a△MES mice presented a higher score, 7 days treatment (1.4- fold,
P<0.01) and 19 days (1.4- fold, P<0.01) (Figure 13). In addition, the individual analysis for
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each histological colitis score parameters were performed. All parameters were significantly
increased in Bmpr1a△MES mice. We observed at 7 days an increase in crypt damage (1.5fold, P<0.001) (Figure 14A), the inflammation grade (1.3- fold, P<0.01) (Figure 14B), and
in the extension of the inflammation (1.2- fold, P<0.05) (Figure 14C). For the recovery study
at 19 days, an increase in crypt damage (1.5- fold, P<0.001) (Figure 14A), inflammation
grade (1.3- fold, P<0.01) (Figure 14B), and the extension of the inflammation (1.3- fold,
P<0.05) was observed (Figure 14C).

Figure 13: Bmpr1a△MES mice display higher histological damage than control mice after DSS
administration.
Colonic histological scores in control and Bmpr1a△MES mice treated with DSS according to the protocols
described. Histological colitis score was determined by counting 10 random fields in the H&E images. Scores
ranging from 0 (unaffected) to 4 (severe colitis) were assigned. Values were expressed in mean ± SEM (n=12).
Statistical significance using Mann Whitney test is shown by *** (P<0.001).
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B

C

Figure 14: Individuals parameters of the histological colitis score are increased in Bmpr1a△MES mice in
both treatments.
All parameters were significantly increased in Bmpr1a△MES mice compare to controls in both treatments. A)
increased crypt damage. B) Inflammation grade C) Extent of the inflammation. Values were expressed in mean
± SEM (n=12). Statistical significance using Mann Whitney test is shown by *(P<0.05), **(P<0.01), ***
(P<0.001).
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3.2 Mesenchymal Bmp signaling and goblet cells.
Goblet cells are epithelial secreting cells responsible not only for mucins secretion, but other
factors such as Tff3, FCGBP, CLCA1, ZG16 and AGR2, important for proper mucus
formation and immunity (Corfield, 2015; Birchenough et al., 2016). Goblet cells has been
directly linked to the barrier function throught its mucus production (Kim and Ho, 2010;
Johansson and Hansson, 2014; Cornick et al., 2015). However, recently goblet cells have
been described as active sentinels which continuously sense the luminal microenvironment
(McDole et al., 2012; Knoop et al., 2015, Knoop et al., 2016; Birchenough et al., 2016).
Because Bmpr1a△MES mice demonstrated more susceptible to colitis initiation, goblet cells
were analyzed by alcian blue staining in untreated 90-days old control and Bmpr1a△MES mice
(Figure 15). We observed a slight reduction in the number of goblet cells in Bmpr1a△MES
mice (Figures 15B and 15B) compare to controls.

Typically, DSS treatment induces a reduction in the number of colonic goblet cells
(Johansson et al., 2015; Chassaing et al., 2014; Johansson et al., 2014). We performed alcian
blue staining following an acute DSS treatments and we observed a reduction in goblet cells
number in controls (Figure 15C). However, a complete depletion of this cell type was found
in most parts of Bmpr1a△MES mice distal colon (Figure 15D). After recovery, controls show

partial restoration in goblet cells number (Figure 15E), while Bmpr1a△MES still presented
low goblet cells density (Figure 15F).
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Figure 15: Bmpr1a△MES mice show a reduction in the number of colonic goblet cells before and after DSS
treatment.
Goblet cells analysis by alcian blue staining of paraffin-embedded colon sections before and after DSS
treatment. (A) Control mice at 90-days presented well filled goblet cells compared to Bmpr1a△MES mice (B).
Upon acute treatment a reduction of goblet cells was observed in controls (C). Bmpr1a△MES mice display goblet
cells depletion (D). After recovery, controls exhibited a strong goblet cells restoration (E) compared delayed
restoration in Bmpr1a△MES mice (F). Magnification Bar = 100µm. (n=8).

3.3 Mesenchymal Bmp signaling important for the mucus barrier functionality.
The mucus barrier is essential to manage the burden of commensal and pathogenic
microbiota present in the colon and protect the mucosa (Van der Sluis et al., 2006; Phillipson
et al., 2008; Koropatkin et al., 2012). Colonic mucus is divided in two well defined layers:
the outer layer serves as energy source for several mucin-degrading microbes, whereas the
inner layer is mostly free of bacteria (Phillipson et al., 2008; Johansson et al., 2011;
Koropatkin et al., 2012). In IBD patients, defective colonic mucins production, aberrant
mucus localization and functionality have been described (Larsson et al., 2011; Boltin et al.,
2013). Since Bmpr1a△MES mice exhibited a reduction in goblet cells density, we next

analyzed the structure of the mucus layer. Carnoy’s fixed colons were analyzed by H&E and
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alcian blue staining from control and Bmpr1a△MES mice before and after the acute treatment

(Figure 16). Without inflammatory stress, control mice presented two distinctive and well
differentiated mucus layers (Figure 16A) while Bmpr1a△MES mice presented a discontinuous
and thinner inner layer (black arrows) (Figure 16B). After the acute DSS treatment, control

mice presented partial erosion of the inner mucus layer (Figure 16G). Bmpr1a△MES mice

which had a complete loss of epithelium layer (including goblet cells) do not show any mucus
structure (Figure 16H).

Figure 16: Bmpr1a△MES mice present a compromised inner mucus layer.
Carnoy fixed colon sections were analyzed by H&E and Alcian Blue staining. A discontinuous and thinner
inner mucus layer was observed in Bmpr1a△MES mice (black arrows) (D) compared to control mice (C). After
7 days with 2% of DSS a partial erosion of the inner mucus layer occurred in all mice. Advanced erosion was
detected in Bmpr1a△MES mice (H). (n=8). Magnification Bar = 250µm.

3.4 Mesenchymal Bmp and its relationship with colonic goblet cell differentiation and
maturation in the colon.
Goblet cells differentiation is regulated by several signaling pathways. Notch pathway
activation promotes colonocytes formation through Hes1 expression. On the other hand, if
Notch pathway is inactivated the expression of the Atoh1 and Klf4 commit cells toward the
secretory lineage (Katz et al., 2002; Schonhoff et al., 2004; Radtke and Clevers, 2005;
Ghaleb et al., 2008; Kopan and Ilagan, 2009; Zheng et al., 2009; Noah et al., 2011). In order
to determine if the loss Bmpr1a-associated mesenchymal pathway could influence colonic
cell fate, total mRNA from distal colon sections of p90 days old controls and Bmpr1a△MES
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mice were analyzed by RT-PCR (Figure 17). We found no significant changes in the relative
transcript number for genes associated to goblet cells differentiation and maturation.

Figure 17: Loss of Bmpr1a-associated mesenchymal signaling does not impact transcript levels of genes
associated to colonic secretory cell line specification and differentiation.
Relative mRNA levels for Klf4, Hes1 and Math1 genes were examined by quantitative RT-PCR. Fold change
represents the normalization of expression values compare to TBP used as housekeeping gene. Mann Whitney test
(n=10).

3.5 Loss Bmpr1a-associated mesenchymal signaling leads to impair mucin vesicles
formation.
Because their functions, goblet cells present a unique morphology. Organelles (nucleus,
mitochondria, Golgi apparatus and the endoplasmic reticulum) are located into the basal cell
face, while mucins vesicles are accumulated in apical region (Deplancke and Gaskins, 2001).
Ultrastructural morphology of goblet cells at 90 days old control (Figure 18A) and
Bmpr1a△MES mice (Figure 18B) were studied by electron microscopy. A normal morphology

was observed in both groups. However, control mice presented some darker vesicles (Figure
18A) which were not observed in the Bmpr1a△MES. In adittion, Bmpr1a△MES vesicles were
frecuently fused and the vesicle organization was less ordered (Figure 18 B).

This result, allow us to explore goblet cells vesicles composition by RT-PCR analysis in the
distal colon of 90 days old control and Bmpr1a△MES mice. Mucins are highly glycosylated

proteins (Hollingsworth and Swanson, 2004; Andrianifahanana et al., 2006), which is the
most important goblet cells product. They are divided in two main categories: the secreting
and the membrane bound mucins (Gum et al., 1989; Hollingsworth and Swanson, 2004;
Andrianifahanana et al., 2006).
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Figure 18: Bmpr1a△MES mice presented an abnormal vesicle appareance.
Electron microscopy of goblet cells control (left panel) and Bmpr1a△MES mice (right panel). Nucleus (N),
Endoplasmic reticulum (rER), Golgi apparatus (G), Mucins vesicles (Mu). Magnification = 2000X (n=4).

MUC2 is a secreted gel-forming mucin and the principal component of the colonic mucus
(Shirazi et al., 2000; Ambort et al., 2012). MUC3 is a membrane-bound mucin expressed in
the colon, whose reduction has been reported in UC and in colorectal cancer patients
(Williams et al., 1999; Dorofeyev et al., 2013). Incorporation of oligosaccharides into the
mucins core protein serve as substrate for additional post-translational modifications
(Matsuo et al., 1997; Asker et al., 1998; Thomsson et al., 2012). One important step is the
incorporation of fucose residues, which contribute to the mucus maturation (Matsuo et al.,
1997; Thomsson et al., 2012), fucosylation is carried out by 𝛼𝛼-(1,2)-fucosyltransferase,

encoded by Fut2 (Henry et al., 1995; Kelly et al., 1995; Koda et al., 1996; Nishihara et al.,
1999). Another important mucus factor is TFF3, which is required for its proper structure
and function. Moreover, it is implicated in the wound healing process via inhibition of
apoptosis and migration of epithelial cells (Dignass et al., 1994; Kindon et al., 1995;
Mashimo et al., 1996; Taupin et al., 2000). Thus Muc2, Muc3, Tff3 and Fut2 transcript levels
were analyzed by qRT-PCR (Figure 19). Only Muc3 mRNA expression was significantly
reduced in Bmpr1a△MES mice (fold 1.8 P<0.01).
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Figure 19: Loss of Bmpr1a-associated mesenchymal signaling promotes reduction of Muc3 trascripts.
Relative mRNA expression for Muc3, Muc2, Tff3 and Fut2 genes were analyzed by quantitative RT-PCR.
Bmpr1a△MES mice showed a significantly reduction in MUC3 expression. Fold change represents the
normalization of expression values compare to TBP used as housekeeping gene. Values were expressed in
mean ± SEM (n=10). Statistical significance using Mann Whitney test is shown by ** (P<0.01).

MUC2 protein expression from total distal colon protein extract of controls and Bmpr1a△MES
mice was also analyzed by western blotting (Figure 20A).
A

B

Figure 20: MUC2 protein levels were not affected by the loss of Bmpr1a-associated mesenchymal
signaling.
(A) Western blot analysis of MUC2 showed no difference expression levels in total distal colon protein extract
of controls and Bmpr1a△MES mice. β-actin was used as loading control. (B) Densitometry analysis of the relative
expression of MUC2 using Image J. Values were expressed in mean ± SEM (n=6). Statistical analysis using
Mann Whitney test.

Densitometry analysis (Figure 20B) from this single experiment reveled no significant
modulation between each group. However, mutant mice MUC2 expression appeared to be
lower. Further analysis will be needed. We next investigated MUC2 cellular localization by
immunofluorescence in paraffin-embedded colon sections of control and Bmpr1a△MES mice
(Figure 21A). Control mice showed a well filled mucins vesicles (Figure 21A) while in
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Bmpr1a△MES mice we observed a peripheral MUC2 accumulation in the vesicles (Figure
21B).

As mentioned above, mucins sustain important post translational modifications such as
addition of o-glycans to the mucins core protein, which constitute about 80% of the protein
mass (Asker et al., 1998). Moreover, a study by Coreld et al., demonstrated that abnormal
O-glycan expression is related to the development of the UC (Corfield et al., 2001). To study
the post-translational mucins modifications, we performed immunofluorescence in paraffinembedded colon sections of 90 days old controls (Figure 21C) and Bmpr1a△MES mice (Figure

21D), against the lectin Ulex europaeus agglutinin-1 (UEA-1), which recognize the 𝛼𝛼-1,2
fucosa presented in mucins (Patel et al., 2013). Controls presented well filled vesicles

whereas Bmpr1a△MES mice presented a reduction in the fucosylated residues in the mucin
vesicles.

Figure 21: Loss of Bmpr1a-associated mesenchymal signaling promotes abnormal MUC2 localization
within secretory vesicles and reduces mucin fucosylation.
Immunofluorescence against MUC2 (green) (A and B), nuclei were staining with DAPI (Blue). Control mice
presented well filled vesicles (A). An abnormal mucin deposition was founded in Bmpr1a△MES mice (B).
Magnification 40x. Fucosylated residues in goblet cells studied by UEA-I (green) lectin immunofluorescence
(C and D). Bmpr1a△MES mice (D) showed a decreased in mucin fucosylation compared to controls (C). Nuclei
were counterstained with DAPI (blue). Magnification 20x.
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3.6 The colonic inner layer of Bmpr1a△MES mice does not protect against bacterial
invasion of the mucosa.
The GI tract is the perfect habitat for many commensal bacteria (Savage, 1977; Berg, 1996;
Xu and Gordon, 2003; Turnbaugh and Gordon, 2009). Under healthy conditions, the mucus
layer separates these commensal bacteria and luminal content from the epithelial surface
(Johansson et al., 2008; Lindén et al., 2008). However, during an inflammatory stress, the
mucus barrier may be disrupted, and bacteria can enter in contact with the epithelial cells
resulting in invasion of the mucosa (Johansson et al., 2014). Because Bmpr1a△MES mice loss
the stratified and well-structured mucus barrier, we hypothesized that this would be the case
for Bmpr1a△MES mice. With the objective of investigating if bacteria had invaded the mucosa,

we performed fluorescence in situ hybridization in Carnoy’s fixed colon sections using a
general bacterial RNA 16S probe (Figure 22). As expected before treatment, bacteria were
only detected in the outer mucus layer in control mice (Figure 22A) while in Bmpr1a△MES

mice, bacteria were found within the inner mucus layer and close to the non-inflamed

epithelium (Figure 22B). After a 7 days DSS treatment, control mice presented the typical
erosion of the inner mucus layer with an increasing amount of bacteria close to the epithelia
(Figure 22C). In Bmpr1a△MES mice, a significantt number of bacteria were found invading

the inflamed colonic mucosa (Figure 22D).
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Figure 22: Bmpr1a△MES mice are more susceptible to bacteria invasion in the colonic mucosa.
Bacteria were localized using the general bacterial probe EUB388-cys 3(red) in Carnoy’s fixed colon sections.
Nuclei were counterstained with DAPI (blue). Before treatment, in control mice (A) bacteria were located only
in the outer mucus layer (double white arrows). Bmpr1a△MES mice (B) showed regions where an abnormal inner
mucus layer allowed bacteria infiltration (white arrows). After 7 days of DSS treatment, bacteria were seen in
contact with the epithelia in control mice (C). Large amounts of bacteria were found invading colonic tissue in
Bmpr1a△MES mice (D). Magnification 20x.

3.7 Bmpr1a-associated mesenchymal signaling exacerbates the immune response after
an inflammatory insult.
Host-microbiota interactions are important for the maintenance of the colon homeostasis
(Slack et al., 2014). However, if the defense provided by the mucus barrier is lost, then
bacteria can penetrate the epithelium, activate innate immune sensors (Faderl et al., 2015a)
and trigger the recruitment of immune cells (mainly neutrophils and macrophages as well T
cells) as first line of defense (Schenk and Mueller, 2007; Faderl et al., 2015a) leading to
tissue damage during this inflammatory process (Rieder et al., 2007). In order to characterize
the immune cells infiltration in our mouse model, we performed IHC for T cells (CD3+ cells)
and macrophages (CD68+ cells), while B cells were studied by immunofluorescence
(CD45R+ cells) (Figure 23). Before treatment, a weak T cells and macrophages presence was
detected in Bmpr1a△MES mice (Figure 23B and D) compare to controls (Figure 23A and C,

but without apparent sign of an inflammatory reaction. After a 7 days DSS treatment,
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increases in both T cells and macrophages but not B cells were observed in control mice
(Figure 24A, C and E respectively). In Bmpr1a△MES mice, all immune cells recruitment was

strongly exacerbated after the inflammatory insult (Figure 24B, C and F). After 14 days of

recovery, Bmpr1a△MES mice still presented a strong immune cells infiltration (Figure 25B,
D, F) compared to controls (Figure 25A, C and E)

Figure 23: Loss of Bmpr1a-associated mesenchymal signaling did not trigger immune cells infiltration
in 90-days old mice.
Characterization of immune cells were performed using immunostaining against T lymphocytes (CD3),
macrophages (CD68) and B lymphocytes (CD45R) (red) in colon of 90-day control and Bmpr1a△MES mice. No
apparent sign of inflammation was observed. Nuclei were counterstained with DAPI (blue). IHC magnification
bar= 100 µm. Immunofluorescence magnification 20x.
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Figure 24: Loss of Bmpr1a-associated mesenchymal signaling leads to increased immune cells infiltration
following acute experimental colitis.
Characterization of immune cells were performed using immunostaining against T lymphocytes (CD3),
macrophages (CD68) and B lymphocytes (CD45R) (red) in colon of 90-days control and Bmpr1a△MES mice
following DSS colitis induction. After 7 days of treatment an increased in all cell types evaluated was observed
in control mice (A, C, E), but it was more remarkable in Bmpr1a△MES mice (B, D, F). Nuclei were
counterstained with DAPI (blue). IHC magnification bar= 100 µm. Immunofluorescence magnification 20x.
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Figure 25: Bmpr1a△MES mice displayed a strong immune infiltration during the recovery stage.
Characterization of immune cells were performed using immunostaining against T lymphocytes (CD3),
macrophages (CD68) and B lymphocytes (CD45R) (red) in colon of 90-days control and Bmpr1a△MES mice
following DSS colitis induction. After 14 after interruption of DSS treatment, Bmpr1a△MES mice (B, D) still
showed an important number of T lymphocytes as well as of macrophages compared to controls (A, C).
Aggregation of CD45R positive cells in lymphoid follicles was more pronounced in Bmpr1a△MES mice (F)
compared to controls (E). Nuclei were counterstained with DAPI (blue). IHC magnification bar= 100 µm.
Immunofluorescence magnification 20x.

3.8 Impact of mesenchymal Bmp signaling in wound healing
Wound healing is activated during the post-injury phase in order to replace and restore the
damaged tissue LP (Pender et al., 1997; Rieder et al., 2007; Drygiannakis et al., 2013; Roulis
and Flavell, 2016). Importantly, once the resolution is complete, the ratio of fibroblasts and
myofibroblasts should return to the steady-state levels found before the injury (Desmoulière
et al., 1995; Powell et al., 1999a; Wilson et al., 2007). To determine whether the colonic
fibroblast and myofibroblasts populations are affected in the absence of Bmpr1a function,
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we performed co-immunostaining for vimentin (fibroblast, myofibroblast) and α-SMA
(myofibroblast, smooth muscle cells) (Pinchuk et al., 2010) (Figure 26). It has previously
been shown that at steady-state, Bmpr1a△MES mice have increased numbers of colonic
myofibroblasts (Allaire et al. 2016). Upon acute DSS treatment, an expected increase in

fibroblasts and myofibroblasts was detected in controls (Figure 26C) but this increase was
superior in Bmpr1a△MES mice (Figure 26D). After 14 days of recovery, controls still showed
high number of fibroblasts (Figure 26E, green staining) and a decrease in the double-stained

myofibroblats. In contrast, Bmpr1a△MES mice showed a stronger presence of myofibroblasts
in the colonic mucosa (Figure 26F).

Figure 26: Deregulation in myofibroblasts abundance following experimental colitis in Bmpr1a△MES.
To identify myofibroblasts population (yellow) (white arrows) a co-immunostaining for α-SMA(red) and
vimentin(green) was performed. Basal myofibroblasts population was superior in Bmpr1a△MES (B) compared
to controls mice (A). Myofibroblasts were more abundant following the 7 days DSS treatment in Bmpr1a△MES
mice (D) compared to controls (C). Following the recovery phase, an important population of myofibroblasts
remains in the stroma of mutant mice (F), while control mice returned to a basal myofibroblasts number (E).
Nuclei were counterstained with DAPI (blue). Magnification 40x.
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During tissue repair, there is an active ECM proteins remodeling (Li and Kuemmerle, 2014).
The ECM network provides a scaffolding support for the cells present in the mucosa, and
additionally, play and important role through integrin/ECM cell signaling essential for tissue
homeostasis (Frantz et al., 2010). Some basic ECM proteins involved in this process are the
collagens I and IV as well as glycoproteins such as fibronectin and laminins (Schultz and
Wysocki, 2009). To investigate the role of the mesenchymal Bmp signaling during wound
healing, we first studied its influence in collagen I deposition. Masson’s trichrome staining
was performed on paraffin-embedded colon sections before and after DSS treatment. Before
treatment, a normal basal deposition was founded in both groups (Figure 27A and B). After
7 days of DSS, control mice showed collagen deposition only in the submucosa (Figure 25C)
whereas Bmpr1a△MES mice presented an increase of collagens deposition in the LP,
muscularis mucosae and in submucosa layers (Figure 27D). After 14 days of recovery,
controls had returned to normal level of collagen deposition (Figure 27E) whereas
Bmpr1a△MES mice showed a persistent collagen deposition mainly in the submucosa (Figure
27F).

We further evaluated by immunofluorescence the deposition patterns of collagen I (Figure
28), collagen IV (Figure 29) and fibronectin (Figure 30) in control and mutant colons before,
during and after DSS administration. Even before DSS treatment, Bmpr1a△MES mice showed
a major accumulation of collagen I (Figure 28B), collagen IV (Figure 29B) and fibronectin
(Figure 30B), compared to controls (Figure 28A, 29A, 30A respectively). Upon acute DSS
treatment, all mice displayed an increase in the deposition of collagen I, collagen IV and
fibronectin (Figure 28C, 29C, 30C respectively) however, it was more remarkable in
Bmpr1a△MES mice as shown in Figures 28D, 29D and 30D. After 14 days on tap water and

compared to day 0, controls gradually returned to a basal ECM deposition for all protein

analyzed (Figure 28E, 29E and 30E). In contrast, Bmpr1a△MES mice still showed an abnormal

collagen I, collagen IV and fibronectin deposition (Figure 28F, 29F, 30F respectively).
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Figure 27: Bmpr1a△MES mice presented an increase in collagen fibrils deposition after DSS treatments.
Masson’s trichrome staining was performed to study collagen fibrils deposition (blue staining shows collagen
deposits). Before treatment a normal basal deposition was founded in both groups (A and B). After acute injury,
Bmpr1a△MES mice (D) showed an increase of collagen deposition in the lamina propria, submucosa and
muscularis propria. Control mice deposition was limited to the submucosal compartment (C). At 14 days after
interruptions of DSS treatments, a reduction of collagen amount was detected in control mice (E). Bmpr1a△MES
mice (F) still presented a notable collagen deposition. Magnification bar=100 µm.
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Figure 28: Collagen I deposition increased after DSS-colitis induction in Bmpr1a△MES mice.
Immunofluorescence against collagen I, (green) in paraffin-embedded colon sections before and after DSS
treatments. Counterstained with Evans blue (red). Bmpr1a△MES untreated mice showed slightly higher
accumulation of collagen I (B) mice respect to controls (A). Upon acute DSS treatment, we observed an
increase in collagen I accumulation in control mice (C), wich was more remarkable in Bmpr1a△MES (D). After
recovery phase and compare to 0-day, control mice are underway to have a basal collagen I deposition (E)
whereas Bmpr1a△MES mice (F) still presented an abnormal accumulation of collagen I. Magnification 20x.
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Figure 29: Accumulation of collagen IV increased in Bmpr1a△MES after DSS-colitis induction.
Immunostaining for collagen IV (green) in paraffin-embedded colon sections before and after DSS treatments.
Counterstained with Evans blue (red). Before treatment a marginal increase in collagen IV was detected in
Bmpr1a△MES (B) mice compare to controls (A). At 7 days acute DSS treatment, we observed an increase in the
collagen IV accumulation in the control mice (C), but this deposition was superior in Bmpr1a△MES (D). After
recovery phase and compare to 0-day, control mice almort return to the basal level of expression (E) compare
to Bmpr1a△MES mice (F), whose still presented an abnormal collagen IV accumulation. Magnification 20x.

60

Figure 30: Loss of Bmpr1a-associated mesenchymal signaling leads an altered fibronectin deposition
after DSS-colitis induction.
Immunofluorescence against fibronectin (green) in paraffin-embedded colon sections before and after DSS
treatments. Counterstained with Evans blue (red). Untreated Bmpr1a△MES mice (B) exhibit a modest increase
in fibronectin deposition respect to controls (A). After the acute DSS treatment, an increase in fibronectin
accumulation was detected in the control mice (C) but was superior in Bmpr1a△MES (D). After the recovery
phase and compare to 0-day, close to basal level of expression was observed in control mice (E). However, a
strong accumulation remains in Bmpr1a△MES mice (F). Magnification 20x.
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4. DISCUSSION
IBD includes several inflammatory disorders, with Crohn’s disease (CD) and ulcerative
colitis (UC) being the most representatives (Podolsky, 2002). UC is a multifactorial disease
which produces a transmural inflammation across the lower colon and rectal mucosa. Some
of its clinical manifestations are the apparition of diarrhea, rectal bleeding, abdominal pain
as well as weight loss (Hendrickson et al., 2002; Podolsky, 2002). One of the important
pathways involved in the GI tract development and homeostasis is the Bmp signaling
(Houlston et al., 1998; Smith et al., 2000; de Santa Barbara et al., 2003; Batts et al., 2006;
Torihashi et al., 2009; Wang et al., 2014). Bmp are widely produce by both the epithelial
and mesenchymal compartment (Wells and Melton, 1999; Shroyer and Wong, 2007; McLin
et al., 2009) and in conjunction with other cascades (Wnt/βcatenin, Notch and HH-Gli), they
keep a critical balance between proliferation and differentiation and thus, GI homeostasis
(Auclair et al., 2007; Borggrefe et al., 2016; Ratanasirintrawoot and Israsena, 2016).
Defective Bmp signaling has been associated to diseases in various organs. In the GI tract, it
has been implicated in the development of Barrett’s esophagus (BE), Juvenile Polyposis
Syndrome (JPS) and colorectal cancer (Wang et al., 2014). Previous studies showed that
prophylactic treatment with Bmp7 protects rats from TNBS colitis induction, as shown by
reduction of IL-6, TNFα, TGFβ and ICAM-1, all known to be important inflammatory and
fibrogenic mediators (Ivana Maric et al., 2003; Maric et al., 2012). Deregulation of Bmphepcidin axis results in an increase of Bmp6 and IL-6, leading to anemia and tissue
inflammation in mice with T cell transfer colitis. For these reasons, inhibition of this axis has
been proposed by Wang et al. as a promising therapeutic strategy for IBD (Wang et al.,
2012). Previous work by our group demonstrated that intestinal epithelial Smad5 (a
downstream intracellular effector of the Bmp pathway) plays an important role in the
maintenance of apical junctional complex and epithelial barrier homeostasis (Allaire et al.,
2011). However, IBD is a multifactorial disease in which the microenvironment has been
studied as a key contributor to its initiation and progression (Colgan et al., 2013; Romano et
al., 2016). There is a complex interaction between the colonic epithelium and the
mesenchyme with a bidirectional information flux (Fritsch et al., 1997; Kedinger et al., 1998)
However, it is our interest to highlight how mesenchymal cells can regulates the epithelial
compartment behavior.
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Without any inflammatory stress, Bmpr1a△MES mice exhibit an enlargement of the

msenchymal compartment, dysplastic region and immune cells infiltration (Allaire et al.,

2016). In order to study the influence of the Bmp mesenchymal signaling during an
inflammatory stress, we performed a DSS challenges in our mouse model. DSS is a known
chemical inducing UC-like phenotype in mice (Alex et al., 2009) affecting the mucus and
epithelial barrier (Kitajima et al., 1999; Johansson et al., 2010). During the acute treatment,
Bmpr1a△MES mice demonstrated increase susceptibility to the DSS-induced colitis as shown
by its significant weight loss. This is a macroscopic phenotype, typical of this disorder

(Hendrickson et al., 2002). UC patients normally present an abnormal colon motility
(Bassotti et al., 2014), this symptom being directly related to the increase of the inflammation
which impacts in colonic contraction, increases the frequency of defecation and changes
bowel evacuation habits (Lakhan and Kirchgessner, 2010; Sarna, 2010; Moynes et al., 2014).
In addition, blood in the stools is commonly seen after the appearance of ulcers (a result of
the immune system deregulated activity) (Hendrickson et al., 2002). In our study, bloody
diarrhea was described by two characteristics: stool consistency and occult blood in feces.
Both parameters were significantly increased in Bmpr1a△MES mice. In agreement with this

finding, Bmpr1a△MES mice had completely lost their mucosal epithelium. With the extend of

the mucosal damage seen in the mutant mice, we suspected that the recovery would be a
challenge. This was confirmed with our first recovery with 3% DSS for 7 days followed by
14 days of normal tap water. Surprisingly, no significant differences in weight loss were
observed at the end of the experiment. It should be noted that we lost an important number
of the Bmpr1a△MES mice, most of them males. This gender susceptibility is already well

described in mice studies where DSS affects both gender, but males are known to develop a

more severe form of the disease (Chassaing et al., 2014). Following these observations, we
readjusted our DSS-recovery treatment with the use of 3% DSS for only 5 days followed by
14 days of tap water. With this, wound healing assays showed an altered healing process
with presence of an important immune cells infiltration and crypt abscesses still present in
Bmpr1a△MES mice compared to controls.

Because Bmpr1a△MES mice are more affected and exhibited a delays in the healing process,
we moved forward to study the cause of these results, knowing how wound healing is an
important process that restore the mucosa integrity and its the mucus barrier (Van der Sluis
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et al., 2006; Johansson et al., 2008; Johansson et al., 2013). Loss of protective mucus
properties has been described in UC patients as well as in several UC-induced mice model
(Pullan et al., 1994; Swidsinski et al., 2007; Johansson et al., 2008; Johansson et al., 2013;
Lennon et al., 2014; Abraham and Cho, 2009). Relation between the TGF-β superfamily and
mucus production was found using a mouse model lacking the intestinal TGF-β receptor II
(TGF- RII). These mice produced auto-antibodies who destroyed goblet cells, thus,
increasing DSS-induced colitis sensibility (Hahm et al., 2001). Besides, a thinner mucus
layer has been detected in UC patients (Pullan et al., 1994). Without any inflammatory
challenge, we demonstrated that mesenchymal Bmp signaling impact goblet cells number
promoting a dysfunctional mucus barrier. These findings explain in part, why Bmpr1a△MES
mice are predispose to the colitis induction. Furthermore, we found, in Bmpr1a△MES mice, a
goblet cells depletion upon acute DSS treatment and a low goblet cells density upon recovery

phase, similar to previous reports (Shinoda et al., 2010; Chassaing et al., 2014). In fact, DSS
affects directly the mucus biophysical properties. Johansson et al. demonstrated that after
12h in presence of 3% DSS, the inner mucus layer allows bacteria to enter in contact with
epithelial cells (Yan et al., 2009; Johansson et al., 2010). Actually, the complete loss of the
mucus barrier seen in Bmpr1a△MES mice after the acute treatment was not suprising,

considering that even before treatment, these mice already presented an impairment in the
inner mucus barrier.
Furthermore, we have been interested in the implications of the mesenchymal Bmp signaling
in the goblet cells specification, differentiation and maturation. The network of genes
implicated in the colonic epithelial cell fate is complex as Notch activation being the main
determinant (Kadesch, 2004; van der Flier and Clevers, 2009). Hes-1(terminal effector of
Notch signaling activation) promote the absorptive cells phenotype. That was demonstrated
using a Hes-1 deficient mice, which presented a lower number of enterocytes, but an increase
in enteroendocrine and goblet cells (Jensen et al., 2000). Meanwhile, intestinal deficient mice
of the epithelial Math-1 (expressed when Notch signaling is inactivate) presented an
epithelial sheet mainly composed of enterocytes (Chen et al., 2001; van Es et al., 2010).
Other factors and interactions have been identified during the epithelial specification and
differentiation processes. For example, Hes-1 block Klf4 which has been relate with the
goblet cells terminal differentiation (Katz et al., 2002; Ghaleb et al., 2008; Zheng et al.,
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2009). During lungs development, Bmp have been described to promote goblet cells
production in alveolar buds (Ninomiya et al., 2013). In addition, Auclair et al demonstrated
that epithelial Bmp signaling in the small intestine was an important factor for terminal
differentiation of goblet cells. VillinCre;Bmpr1aloxP/loxP mice showed no difference in goblet
cells numbers compared to controls, but a reduction of Tff3 and Klf4 gene expressions was
observed (Auclair et al., 2007). However, in the colon, we demonstrated that loss of Bmpr1aassociated mesenchymal signaling does not change the expression of goblet cells
specification genes (Atoh-1, Hes-1, Klf-4). It is known that the Foxl1Cre transgenic mouse
line espress the Cre recombinase in a mosaic pattern in the colon (Allaire et al., 2016). Thus,
only 50% of the colonic crypts will be surrounded by a defective mesenchyme (Sackett et
al., 2007). Hence, detecting significant difference between groups using the qRT-PCR
approach will be difficult because the contamination with the unfloxed tissue. Moreover,
other goblet specification genes, such as sterile α motif pointed domain epithelial specific
transcription factor (spdef),(Oettgen et al., 2000, Yamada et al., 2000; Noah et al., 2010),
and Wnt/β-catenin signaling (Leow et al., 2004; Tsuchiya et al., 2007; Peignon et al., 2011)
should be studied to confirm if the mesenchymal Bmp signaling is linked to the goblet cells
differentiation.
Goblet cells produce several bioactive molecules packaged into secretory vesicles (Corfield,
2015; Birchenough et al., 2016; Burkitt et al., 1993; Rodriguez-Pineiro et al., 2013;
Pelaseyed et al., 2014b). In control mice, ultrastructural analysis of goblet cells revealed
secretory granules containing vesicles with different electron densities, problably reflecting
vesicles with different composition. Such vesicle heterogeneity is lost in Bmpr1a△ME mice,
which lead us to investigate a possible modification in their content. Mucins production and
secretion are the main functions described for goblet cells (Forstner, 1995; Hattrup and
Gendler, 2008; Birchenough et al., 2015; Rodríguez et al., 2015). Although several steps for
membrane-bound or secreted mucins biosynthesis have been described (Kornfeld, 1985; Jass
and Roberton, 1994; Thomsson et al., 2012), most part of studies on GI mucins focused on
MUC2. Changes in its production, secretion, central domain structure and oligosaccharides
moieties have been reported in UC patients (Tytgat et al., 1996; Van Klinken et al., 1999;
Swidsinski et al., 2007; Gersemann et al., 2009; Boltin et al., 2013). Also, environmental
factors such as cytokines, hormones, bacteria and their by-products as well as growth factors
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can impact on MUC2 transcription and thus production (Andrianifahanana et al., 2006; Thai
et al., 2008). The leptin hormone, which is encoded by the ob gene and have a key role in
the digestive system, could be used as an example (Pelleymounter et al., 1995; Finn et al.,
1998; Morton et al., 1998; Buyse et al., 2001; Ducroc et al., 2005). As demonstrated in
leptinob/ob mice, change in this hormone can affect goblet cell numbers and its secretion in
the colon (Plaisancie et al., 2006). In our study, MUC2 gene and protein expression showed
no difference between Bmpr1a△MES and control mice. However, the abnormal MUC2

accumulation observed in Bmpr1a△MES mice could be related to an aberrant glycosylation

pattern (Heazlewood et al., 2008). A proper MUC2 N-glycosylation is required for proper

folding, dimerization and traffic from ER to golgi (Asker et al., 1998), in which MUC2 is
also O-glycosylated (modification that protects MUC2 from proteolysis) (Jentoft, 1990; Van
Der Post et al., 2013). IL-10 serves as an example where a soluble factor can regulate mucins
biosynthesis and localization. Sumaira et al. demonstrated that in LS174T cells (carcinoma
cells differentiated into goblet cells), IL-10 recovered MUC2 misfolded protein response and
its ER aggregation (Hasnain et al., 2013). Finally, in the case of MUC17 (membrane-bound
mucin), N-glycosylation patterns regulate its localization in the cell membrane (Ho et al.,
2003). Reduction in other mucins modifications like sulfate incorporation has been reported
in UC and should also be explored (Van Klinken et al., 1999).
Despite the fact that MUC2 is the principal component of the colonic mucus (Hansson et al.,
1994; Karlsson et al., 1996), there are several proteins implicated in the mucus structure,
including secreted form of the IgA antibody (sIgA) and Tff3 (Hansson and Johansson, 2010;
Faderl et al., 2015a). Tff3 is expressed and secreted by goblet cells in the intestine (Taupin
and Podolsky, 2003; Kjellev, 2009). In vitro and in vivo studies also indicated that Tff3
facilitates not only intestinal epithelial restitution but also mucosal protection. Tff3-deficient
mice were more susceptible to DSS colitis induction, and its adjuvant administration
accelerated the wound healing process (Taupin and Podolsky, 2003; Kjellev, 2009).
However, no significant difference was found in the mRNA levels of Tff3 between groups
before DSS treatment. This observation will also need to be investigated after the DSS
treatment. We next analyzed MUC3 mRNA expression levels, which is a transmembrane
mucin expressed in the colon (Williams et al., 1999). Transmembrane mucins have been
described as sentinels of the microenvironment because their external domains are able to
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interact with several ligands (Singh and Hollingsworth, 2006). MUC3 extracellular domain
is implicated in cell migration and wound healing. Ho et al. demonstrated that the treatment
with recombinant MUC3 peptides protected mice to the colitis induction with 5% of acetic
acid enemas (Ho et al., 2006). Through their intracellular tails, membrane mucins can also
initiate cell signaling in response to invading bacteria (Lillehoj et al., 2004). MUC3
overexpression in colonic cells is reported as a protective element against E. coli attachment
to the colonic epithelium (Mack et al., 1999; Mack et al., 2003). Our finding suggests that
MUC3 reduction observed in Bmpr1a△MES mice could imply an increase in bacteria
attachment. In the future, that could be study by a 16S immunofluorescence in situ
hybridization in combination with staining for MUC3 in carnoy’s fixed colonic tissue.
Smaller mucus glycoproteins have been directly associated with an active UC (Hanski et al.,
1999; Larsson et al., 2011). In our study, an impairement in the fucosylation process was
detected in Bmpr1a△MES mice. Fucosylation of N-glycans intervene in processes such as cell

signaling, adhesion and cell proliferation (Becker and Lowe, 2003; Ma et al., 2006). Fucose

residues are present in the antigen H of ABO blood group as well in the Lewis blood group.
Also, fucosylation of mucins can happen by two mechanisms: in the first one, the fucose
group is bound to an N-acetylglucosamine residue that is linked to the protein core. In the
second type named O-fucosylation, the fucose residue is directly attached to the protein core
(Becker and Lowe, 2003). Fucose modification confers mucus resistance to bacterial
mediated degradation (Hurd et al., 2005). Therefore, it is possible that a decrease in MUC3
expression in addition to a dysfunctional post-translational mucus modification reduce the
Bmpr1a△MES-mediated protection against luminal contents.

Consequently, we next analyzed the localization of bacteria in the mucus layers. It exists a
critical relation between the host and the gut microbiota, for example conferring resistance
by several mechanisms to pathogens colonization (Rolhion and Chassaing, 2016). Products
of complex polysaccharides fermentation by bacteria (short-chain fatty acids) are used by
colonocytes as energy source and are involved in several cellular processes (den Besten et
al., 2013; Corrêa-Oliveira et al., 2016; Thursby and Juge, 2017). Moreover, the microbiota
is implicated in the maturation of the gut mucosal immune system (Mazmanian et al., 2005)
(Hevia et al., 2015; Gensollen et al., 2016). However, all beneficial properties of the enteric
commensal microbiota depend in part of the mucus barrier composition (Wacklin et al.,
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2011; Mäkivuokko et al., 2012) and its permeability (Arike and Hansson, 2016; Sicard et
al., 2017). Earlier studies in UC patients showed that bacteria were directly in contact with
the epithelium (Swidsinski et al., 2007; Machiels et al., 2014; Johansson et al., 2014). This
is partly due to an inefficient mucus function, as it was shown in the MUC2 deficient mice
(Wenzel et al., 2014).
In our study, Bmpr1a△MES mice presented an integrity problem of their mucus barrier shown

by a thinner inner mucus layer even before DSS treatment, which may be related to a poor
mucus quality. Because of that integrity impairment, bacteria were detected reaching the
epithelium. Upon treatment and because DSS per se produce a toxic effect in mucus structure
(Yan et al., 2009; Johansson et al., 2010). Bacteria were seen penetrating the epithelial
barrier of the mutant mouse model, similar as it was described with the MUC2 deficient
mouse model (Johansson et al., 2008). Once bacteria invade the mucosa, they triggers the
activation of the immune system, causing an inflammation (Antoni et al., 2014; Johansson
et al., 2014). Loss of the mucosal tolerance has been described also in IBD (Nell et al., 2010).
Translocated bacteria are normally cleared rapidly by innate immune cells, mainly
neutrophils and macrophages (Schenk and Mueller, 2007; Faderl et al., 2015b). Intestinal
macrophages are unique since in an healthy state, they uptake and kill invading bacteria
without promoting an inflammatory response (Lu et al., 2014). Post injury, they migrate to
the damage site during the first 2-4 days (Murray and Wynn, 2011; Sindrilaru et al., 2011;
Murray et al., 2014; Leoni et al., 2015). They will eliminate apoptotic neutrophils (Savill et
al., 1989; Meszaros et al., 1999; Daley et al., 2005; Khanna et al., 2010), release cytokines,
chemokines (Diegelmann, 2004; Barrientos et al., 2008) and recruit other immune cells
(DiPietro, 1995). One of these immune cells are the T cells, which will be activated in
response to the invading bacteria (Pirzer et al., 1991; Duchmann et al., 1999). Different
subtypes of T cells can participate in the generation of high affinity antibodies by B cells
(Hirota et al., 2013; Slack et al., 2014b). Finally, dendritic cells (DCs; CD103+ CD11b+)
present commensal antigens to B cells, increasing the IgA production and secretion
(Macpherson and Uhr, 2004). Once IgA are released by transcytosis through the epithelial
cells (Peterson et al., 2007), they can neutralize mucosal viruses (Mazanec et al., 1992;
O’Neal et al., 2000) and prevent the commensal bacteria adhesion to the epithelium
(Fernandez et al., 2003; Martinoli et al., 2007; Boullier et al., 2009). Since mouse gender,
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genetic background and exposure to enteric bacteria modifies the inflammatory response
(Okayasu et al., 1990; Mahler et al., 1998; Hans et al., 2000; Obermeier et al., 2002), in our
analysis we examined the most common immune cells types. Loss of the Bmpr1a-associated
mesenchymal signaling leads to increased immune cells infiltration following experimental
colitis. These findings were expected due to the presence of invading bacteria in the colonic
mucosa. Hall et al. studied the time course of the immune cells activation in C57BL/6 mice
after a 3% DSS treatment for 6 days, followed by 20 days of recovery on tap water. During
the recovery phase, at day 8 in the colon, the macrophages population started to decrease,
whereas at day 12, a strong presence of T cells was still detected. This T cells response
remains high until the end of the study at day 25. On the other hand, the B cells activation
peak was observed at recovery day 12 and followed the same sequential pattern of T cells
(Hall et al., 2011; Perše and Cerar, 2012). In our study, at recovery day 19, colonic mucosa
still presented an important T cells and macrophage infiltration in Bmpr1a△MES mice similar
to Hall et al. findings (Hall et al., 2011). Increase of T cells population and in its proinflammatory cytokines production, constitute an hallmark of IBD (Fukumoto et al., 1996).
UC has been characterized by a Th2, Th9 and Th17 cytokines pattern compare to healthy
controls (Neurath et al., 2002; Koba yashi et al., 2008; Danese and Fiocchi, 2011; Neurath,
2014; Zundler and Neurath, 2015). Allaire et al. demonstrated an increase in T and B cells,
as well as in macrophages and neutrophils population in 1-year-old Bmpr1a△MES mice

compare to controls. These results correlate with an increase of the mRNA expression of
chemokines and inflammatory cytokines like IL-1β and IL-6, in polyp regions that developed
in Bmpr1a△MES mice at this age (Allaire et al., 2016). These two cytokines are recognized as

Th17 inductors (Fossiez, 1996; Zundler and Neurath, 2015), creating an inflammatory loop

(Jovanovic et al., 1998). Another element to consider in the future is the interconversion of
the different T cell subclasses and its influence in the mucosal inflammation (Lee et al.,
2009). Finally, during an UC active disease, an abnormal expression of B cells signaling
molecules, in its cytokines production as well in the different B cells subsets generation has
been described (McDonnell et al., 2011; Rehman et al., 2013; Uo et al., 2013). Similar to
what has been reported by Hall et al. mucosal B cells were found mainly in the B cells zones
in Bmpr1a△MES and control mice. However, in both treatments a major accumulation was

observed in Bmpr1a△MES. B cells have been associated with a pathogenic role in UC, through
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the generation of auto-antibodies and T cell activation, which contribute to tissue damage
(Takahasi et al., 1990; Goetz et al., 2007; Lebien and Tedder, 2008; Rehman et al., 2013;
Uo et al., 2013).
As mention before, macrophages are divided in two main subclasses: M1 and M2 type with
different roles in colitis (Arranz et al., 2012). M1 class, secretes pro-inflammatory cytokines
and nitric oxide (pathogen killing mechanism) which promotes the DSS-induced colitis
(Benoit et al., 2008; Heinsbroek and Gordon, 2009; Sica and Mantovani, 2012; Martinez and
Gordon, 2014; Murray et al., 2014), whereas M2 class contributes to colitis resolution,
releasing mostly Arginase 1, FIZZ1, YM-1, IL-10 and ECM proteins (Hunter et al., 2010;
Weisser et al., 2011; Arranz et al., 2012) and are usually present in the last phase of wound
healing (Koh and DiPietro, 2011). Therefore, it remains to identify which subclass of
macrophage is present in the LP during DSS-induced inflammation in Bmpr1a△MES mice, if
the increase observed in B cells correspond to an increase in IgAs secretion as well the
inflammatory role of other immune cells populations such as neutrophils.
Tissue restitution is an important process to guaranty the reestablishment of tissue
homeostasis following an injury (Das et al., 2015). Normally, wound healing is divided in 4
phases: homeostasis, inflammatory phase, proliferation and tissue remodeling phase (Gosain
and DiPietro, 2004; Gurtner et al., 2008). All phases involve several processes, like
production of soluble factors such as pro-inflammatory cytokines and growth factors
(Nourshargh and Alon, 2014; Leoni et al., 2015), the proliferation of the mesenchymal
population involved in ECM deposition and a proper angiogenesis and finally the restoration
of the normal colonic architecture (Gosain and DiPietro, 2004; Mathieu et al., 2006). The
delay in the healing process seen in Bmpr1a△MES mice, could be associated with

dysregulation of one or more of these phases, leading to fibrosis or tissue scarring. Fibrosis

eventually could produce loss of the organ functionality and even death (Wynn et al., 2012).
In addition, a proper healing process correlates with an improvement of life quality in IBD
patients (Peyrin-Biroulet et al., 2011; Shah et al., 2016). At 19 days after recovery,
Bmpr1a△MES mice present an uncontrolled inflammatory response compare to controls. This

observation led us to speculate that immune cells activated in Bmpr1a△MES mice could

release chemotactic and activating soluble factors (IGF-I, EGF, CTGF, PDGF), but also proinflammatory cytokines IL-1β, IL-6, TNF-α, TGF-β, resulting in an increase in
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myofibroblasts migration and transdifferentiation (SL, 1996; Jobson et al., 1998; Lawrance
et al., 2001; Strutz et al., 2001; Simmons et al., 2002; Theiss et al., 2005). Mesenchymal
cells in the colon comprise a group of cells with different sources and characteristics (Powell
et al., 1999b; Powell, 2005; Boris Hinz, 2007), with fibroblasts and myofibroblasts being the
most important cell types involved in ECM remodeling, wound healing and fibrosis (Hinz et
al., 2001; Vallance et al., 2005; Boris Hinz et al., 2007). During the homeostasis phase,
fibroblasts in the colon are usually quiescent (Kalluri and Zeisberg, 2006; Powell et al., 2011;
Powell et al., 2011; Sanders et al., 2014). Meanwhile, myofibroblasts are the principal cell
type involved during in wound healing (Powell et al., 1999b) as well as in fibrosis (Pinchuk
et al., 2010). We observed that loss of the Bmpr1a-associated mesenchymal signaling
promotes a deregulation in myofibroblasts cell population following experimental colitis.
That is directly related with fact that the Bmpr1a△MES mice were more affected and presented

superior infiltration of immune cells. In addition, a chronic inflammation leads to persisting
myofibroblasts after recovery (Powell et al., 1999b). Why myofibroblasts observed at day
19 of recovery in the LP of the Bmpr1a△MES mice, do not go through apoptosis (Desmoulière

et al., 1995; Powell et al., 1999a; Wilson et al., 2007) or into trans-differentiation into
fibroblasts remain to be investigated (Boris Hinz, 2007).
During an acute inflammation, an increase in colon rigidity is usually observed (Melgar et
al., 2005). This is mainly due to radical formation and the activation of immune and
mesenchymal cells which respond to the inflammatory insult, through secretion of ECM
proteins as well as ECM degrading enzymes (Vaday and Lider, 2000; Rieder and Fiocchi,
2009; Fiocchi and Lund, 2011; Luna et al., 2011). Until the recovery phase an increased in
collagen deposition was observed in Bmpr1a△MES, similar to findings reported by Suzuki et
al. (Suzuki et al., 2011). This excessive, ECM production could be the cause of the
thickening of the colonic wall observed in Bmpr1a△MES mice after DSS in treatment, as

reported by Melgar et al. and Suzuki et al. (Melgar et al., 2005; Suzuki et al., 2011). Allaire

et al. demonstrated an increase in collagen I, IV and fibronectin deposition in Bmpr1a△MES
mice at 1 year, in polyps and dysplatic regions compare to controls (Allaire et al., 2016).

Thus, an increase in the production of these proteins in Bmpr1a△MES mice following an acute

inflammatory insult was expected. Collagen I, is the most representative structural ECM
protein (Fleischmajer et al., 1990) and an increased deposition has been detected in UC
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patients (De Bruyn et al., 2015), resulting in a key event during fibrotic process (Chen and
Raghunath, 2009). Collage IV is the main component of basement membrane (Timpl et al.,
1981; Yurchenco and Furthmayr, 1984; Yurchenco and Schittny, 1990) and its accumulation
has been reported to be increased in UC patients, similar to collagen I (Schmehl et al., 2000).
Basement membrane presents a key role in the epithelial barrier integrity with its
involvement through matrix-cell interaction (De Arcangelis et al., 1996). These important
interactions are able to influence several processes including passive transport of molecules,
(Yurchenco and Schittny, 1990) cell attachment, migration, proliferation and apoptosis
(Hahn et al., 1990; Boudreau et al., 1996; Strater et al., 1996; Aharoni et al., 1997).
Abnormal structure and functionality of the basement membrane could be linked to an
inflammatory process and even tumor progression (Schmehl et al., 2000). In fact, an
abnormal accumulation of collagen IV has been found in disorders like atherosclerosis and
fibrosis (Wu et al., 1998), as well as an increased mRNA and protein expression in seen in
UC patients (Allan et al., 1989; Verspaget et al., 1991; Brenmoehl et al., 2007). Kolachala
et al. performed an acute 3% of DSS treatment for 6 days in C57/BCL6 mice and described
an upregulation in fibronectin expression (Kolachala et al., 2007). Similar to these findings,
in our acute study, control mice presented an increase in fibronectin deposition, but levels of
FN deposition were superior in Bmpr1a△MES mice. Because this protein has been linked to
the cell attachment and the wound healing process (Kwon et al., 2007; Qiu et al., 2007),

Kolachala et al. performed an acute DSS (3% for 6 days) followed by a 6 days recovery on
tap water (Kolachala et al., 2007). Fibronectin protein expression was found to return to
basal levels (Schmehl et al., 2000). In our study, after 19 days of recovery Bmpr1a△MES mice

still exhibited an important accumulation of FN. Parker et al. demonstrated that fibrotic ECM
creates a positive feedback loop, promoting an increase of ECM deposition by fibroblasts
(Parker et al., 2014). This observation can be correlated in our model with the fact that at
day 19 Bmpr1a△MES mice still present an important population of myofibroblasts/fibroblasts
in their colonic mucosa. These findings allow us to believe that Bmpr1a△MES mice present

the features of an early fibrotic process.
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5. CONCLUSIONS
Colonic crypts are sorrounded by a mesenchymal microenvironment. Nevertheless, their
impact in the UC pathogenesis remain mostly unexplored. Mesenchymal cells support and
regulate epithelial cells behavior through its soluble and insoluble factors production. One
of these soluble factors is the Bmp, for which epithelial deregulation has been implicated in
several diseases. However, the role of the mesenchymal Bmp in UC pathogenesis is less
known.
Previous work in our laboratory demonstrated that loss of the Bmpr1a-associated
mesenchymal signaling, without inflammatory stress was associated to the development of
sporadic dysplastic regions, epithelial hyperplasia, crypt abscess, immune cells as well
mesenchymal enlargement and matrix remodeling.
In the present study, we have been interested in how mesenchymal Bmp are implicated in
the regulation of the immune system response and healing functions in the colonic mucosa,
during and after an inflammatory process. We found that Bmpr1a△MES mice are more

susceptible to the colitis induction and present a delay in the healing process. These findings

could be associated with an impairment in the mucus barrier due to a reduction in goblet cells
number and a change in mucus quality. Mucus barrier keeps the intestinal contents separated
from the epithelium and once this barrier is compromised, bacteria can easily reach the
colonic mucosa as it was shown in the Bmpr1a△MES mice. This, triggers an inflammatory

response, which remained uncontrolled after the recovery phase. We found an increases in
the myofibroblasts/fibroblasts population in Bmpr1a△MES mice.

These disfuncyonal

mesenchyme leads to an important deregulation in ECM proteins deposition. An excessive
ECM proteins accumulation as shown in Bmpr1a△MES mice could impact in tissue

homeostasis and has also been associated with a fibrotic process.

Taken together, these elements demonstrated that mesenchymal Bmp signaling is an
important regulator of tissue homeostasis during an inflammatory insult as well as for a
proper recovery afterwards.
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6. PERSPECTIVES:
The risk to develop colorectal cancer is superior in patients with UC. Thus, we
are interested to perform a chronic DSS treatment (4 cycles of inflammation and remission),
to explore the impact of a dysfuntional mesenchyme and a chronic inflammation in the
apparition of the ulcerative colitis-associated colorectal neoplasia. Bmpr1a△MES mice

presented an impairment in mucus quality, consequently, we would like to continue the
characterization of other mucus components. It would be interesting to determine the colonic
mucins expression during homeostasis, inflammation and remission, as well as the
mechanisms implicated in mucins release by goblet cells. Host-microbiota relation are
import to the maintenance of the colonic homeostasis. Hence it is in our interest to study the
colonic microbiota composition and their metabolic activity at p45 and p90 in controls
and Bmpr1a△MES mice, to determine their influence in the UC development. It will be
relevant for this project to investigate the distribution of other immune cells such as

neutrophils, Treg and DC, and in consequence, the modulation of cytokines and chemokines
pattern in Bmpr1a△MES compare to control mice. Finally, it is relevant for this project to
highlight how a dysfunctional mesenchymal promotes a tissue stiffness and its implication
in the stem cells homeostasis.
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