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SUMMARY

SUMMARY

Inflammatory bowel disease (IBD) is a chronic disease with increasing incidence and prevalence,
currently affecting millions of people worldwide, which can lead to an aggressive colitis-associated
cancer (CAC) with a poor prognosis. Its etiology seems to rely on the complex combination of
different factors, including environmental determinants, genetic predisposition, microbiota
imbalance, and mucosa immune defects. This compromises the intestinal epithelial barrier,
leading to an altered immune response characterized by excessive and sustained cytokine
production and immune cell recruitment and activation. Thus, the state of intestinal mucosal
tolerance, i.e. immunological unresponsiveness to innocuous food antigens and the commensal
microbiota, becomes disrupted. Understanding these mechanisms has potential translational

value for IBD therapy and management, as well as for preventing the development of CAC.

Human intestinal mesenchymal cells (iMCs) represent a heterogeneous population of various cell
types, such as fibroblasts, myofibroblasts, pericytes, smooth muscle cells and resident
mesenchymal stromal cells (MSCs), which reside in the subepithelial compartment where they
provide much of the structural framework of the intestine. However, iMCs also play important roles
regulating the homeostasis/maintenance of the epithelial barrier and promoting immunological
tolerance against commensal bacteria and food antigens. Moreover, recent investigations have
proposed that iMCs may play dual roles both inhibiting or supporting gut inflammation and injury
in IBD, as well as reducing or promoting tumor growth and metastasis, depending on their

response to inflammatory mediators and/or TLR agonists.

The study of the stromal compartment of tissues was pioneered by Owen and Friendenstein, who
discovered fibroblastic cells in the bone marrow with the capacity to give rise to bone, adipocytes
and hematopoiesis-supporting stroma. Such MSCs are defined by a set of criteria postulated by
the International Society for Cell Therapy (ISCT), and can be isolated from a variety of adult and
neonatal tissues. Importantly, cultured MSCs retain part of their in vivo characteristics and provide
a suitable model to analyze various aspects of stromal cells in health and disease. The design of
new therapies against IBD and CAC should contemplate the importance of iIMCs both in the
homeostasis of the healthy intestine and the chronic inflammation even though further studies are

needed to fully understand their properties on tissue regeneration and immunomodulation.
In order to address this, we set the following objectives:

1. lIsolation and characterization of the immunomodulatory and tissue regenerative
properties of intestinal MSCs (iMSCs) in vitro.

2. Analysis of the effect of iIMSCs administration in dextran sulfate sodium (DSS)-induced
acute colitis in mice: evaluation of disease severity, immune responses, tissue

regeneration and microbiota composition.
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3. Analysis of the effect of IMSCs administration on cancer progression in a model of colitis-
associated cancer: evaluation of tumor growth, immune responses, and microbiota

composition.

First, plastic-adherent iMCs were isolated from human intestinal resections and expanded in vitro.
We then confirmed their identity as iMSCs according to the definition by ISCT, i.e: (i) expression
of CD73, CD90, CD105, while lacking CD31, CD34 and CD45, and (ii) possessing the ability to

differentiate into adipocytes, chondroblasts and osteoblasts in vitro.

Then, we explored the immunomodulatory properties of iMSCs in vitro. Our data show that iIMSCs
significantly repressed CD4* and CD8* T cell proliferation, partly through a indoleamine-2,3-
dioxygenase (IDO)-dependent mechanism. Furthermore, iMSCs reduced the LPS-mediated
induction of TNF-a in THP-1 macrophages, suggesting a polarization into anti-inflammatory M2
macrophages. In addition, isolated iMSCs enhanced wound closure in a scratch wound healing

assay, using human normal colon epithelial cells.

Second, we analyzed their properties in vivo in an experimental model of acute intestinal
inflammation induced by DSS in C57/bl6 mice, which displays human IBD-like features. One
single intraperitoneal injection of iIMSCs significantly reduced the disease activity index (DAI),
ameliorated the histological damage of the colon and improved the integrity of the intestinal
epithelium. The anti-inflammatory effect exerted by iIMSCs was associated with a reduced
expression of pro-inflammatory cytokines including TNF-q, IL-6 and IL-12, as well as of the
adhesion molecule ICAM-1 and iNOS, thus suggesting a M2-polarization of macrophages.
Interestingly, when the microbiota was analysed, the treated mice presented a higher species
richness (Chao1 index) and diversity (Shannon index), than the untreated colitic mice. Besides,
iMSCs modified the abundance of key phyla affected by the DSS, such as Proteobacteria and

Actinobacteria.

Finally, the iIMSCs were evaluated in a murine model of CAC consisting of the injection
of azoxymethane (AOM) followed by three cycles of DSS to C57/bl6 mice. Two intraperitoneal
injections of IMSCs at the peaks of the two last DSS cycles significantly reduced colitis and the
associated intestinal tumor development. The IMSCs reduced the colonic expression of several
inflammatory mediators that drive CAC, including IL-6, TNF-a, IL-17/IL-23 and COX-2; the
activation of the signaling pathways of PI3K/AKT and IL-6/STAT3 as well as the levels of tumor-
promoting B-catenin). The iIMSCs treatment also lowered the number of intestinal neutrophils and
eosinophils in comparison to CAC mice. As shown in the DSS model, iMSCs also decreased the
proportion of M1 macrophages, and partly restored the normal intestinal macrophage
differentiation. Regarding their effect on microbiota composition, iIMSCs ameliorated the CAC-
induced dysbiosis, restoring the OTUs and Shannon parameters and diminishing the alterations
in the relative abundance of Bacteroidetes and Verrucomicrobia.



SUMMARY

In summary, our data show that human iMSCs isolated from the noninflamed intestine possess
potent tissue-regenerative and immunomodulatory capacities in vitro and in vivo, that could be

considered as key elements to ameliorate IBD severity and protect against CAC development.
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1. MESENCHYMAL STROMAL CELLS: DISCOVERY AND DEFINITIONS

The term “stroma” comes from the late latin word stréma, which means “bed" or “bed covering”
and refers to those parts in the organ or tissue that have a connective or structural role,
compassing stromal cells and a complex extracellular matrix. Historically the term “stromal cells”
(SCs) have made reference to “non-immune” cells — in a tissue or organ — that provide structural
support to the parenchyma, i.e., the parts of the organ that perform a specific function (1). The
stroma consists of, heterogeneous cell populations, including mesenchymal stem cells, pericytes
and fibroblasts with different phenotypes (2).

Mesenchymal stromal cells (MSCs) were originally identified in the bone marrow by Friedenstein,
Owen and colleagues in the 1960s as fibroblastic cells with self-renewal capacity, able to form
colony-forming units fibroblast (CFU-F), bone, adipocytes and hematopoiesis-supporting stroma
(3-5). These cells were labelled “bone marrow osteogenic stem cells” and represented, at the
time, the second example (after hematopoietic stem cells) of an adult tissue-specific stem cell.
Subsequently, perivascular cells with self-renewal capacity which could differentiate into
adipocytes, osteoblasts and chondroblasts in vitro were found in virtually all adult organs and
tissues, including adipose tissue, and Wharton'’s jelly of the umbilical cord (6, 7). These apparently
common progenitors of mesodermal tissues were named “mesenchymal stem cells” and were
proposed to represent a new therapeutic technology for regenerative medicine (8, 9). However,
convincing data to support the stemness, as defined by Friedenstein and colleagues, of these
cells were lacking, prompting the International Society for Cellular Therapy (ISCT) to propose the

term “multipotent mesenchymal stromal cell” when referring to these cells (10) (Figure 1).

CFU-F and Multipotent
Osteogenic Stem Mgsencgylrlnal Skelgtal Stem Cglls Mesenchymal
Cells Cten? eAS G(Bﬁanc% Pl')a" P Stromal Cells
(Friedenstein, A.) (Caplan, A.) ehron Robey, P) (ISCT)
1988 1999 2002 2010
1970s 1991 2000 2006
Mesenchymal Multipotent Adult Progenitor -
Str(%r:lvilnSﬁn';gglls Progenitor Cells Cells and Mesodermal Si Mngﬁrl1c'rge!lls
collea ljes) (Dennis, J. and Progenitor Cells (%a |a?1 A)
9 colleagues) (Jiang. Y. and colleagues) (PR, R

Figure 1. The history and timeline of Mesenchymal Stromal Cells nomenclature. MSCs were
first described by A. Friedenstein as Colony-Forming Unit fibroblasts (CFU-F) and Osteogenic
Stem Cells (3, 11) in the late 60s. Nevertheless, since then, a number of terms have been used

when referring to Mesenchymal Stromal Cells (MSCs) found throughout the body including
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“mesenchymal stem cells” (8), “mesenchymal progenitor cells” (12), “skeletal stem cell” (13) or
“multipotent adult progenitor cells” (14). Due to the lack of evidence showing their differentiation
and self-renew abilities in vivo, the ISCT proposed the term “multipotent mesenchymal stromal
cells” in 2006 (15) and proposed three minimum criteria to define them. Four years later, A.
Caplan suggested that the acronym MSC could stand for “Medicinal Signaling Cells” which
reflects that the beneficial therapeutic effects of MSCs can be attributed to their capacity to

secrete bioactive molecules. Figure adapted from R&D systems and created with BioRender.com.

2. MSCsIN vIivo

MSCs isolated from distinct tissues are phenotypically similar based on the definition of MSC
described by Dominici in 2006 (16, 17). Crisan et al., found that CD146* CD45- CD34~ pericytes
isolated from various were indistinguishable from MSCs in terms of adherence, morphology,
phenotype and in vitro differentiation capacities (6), suggesting a common pericyte origin for
MSCs. However, later studies have shown that MSCs from different tissues exhibit distinct
transcriptomic profiles, differentiation and immunomodulatory capacities (17-21).Thus it is now
believed that MSCs have a unique identity depending on which tissue they reside in (18, 19).
Thus, the tissue-specific role of bone marrow-derived MSCs is to participate in bone remodelling

and support hematopoiesis (22, 23).

However, some studies suggest that endogenous MSCs (including BM-MSC) can home, via the
bloodstream, to sites of injury, including inflammatory cardiomyopathy (24) ((25)). Furthermore,
endogenous MSCs have also been implicated in tumor progression. MSCs from bone marrow
and adipose tissue can migrate to the tumor (26), enter the tumor microenvironment, and promote
tumor growth and metastasis (27). These processes are carried out through their differentiation
into cancer-associated fibroblasts (CAFs) (28) and the expression of growth factors and/or
immunomodulatory cytokines that can promote angiogenesis and tumor growth, inhibit anti-
cancer immune responses and induce epithelial-mesenchymal transition (EMT) in tumor cells
(29).

3. MSC IN VITRO

Ever since Arnold Caplan coined the term “mesenchymal stem cells” and Mark F. Pittenger
showed that multipotent MSCs could easily by isolated from adult bone marrow, much attention
has been directed at harnessing the possible therapeutic properties of in vitro expanded MSCs
(8, 9). However, due to the different approaches in characterizing the cells, comparison between

studies became increasingly difficult.

To accurately define human MSCs with the aim of facilitating the exchange/comparison of data
between researchers, the Mesenchymal and Tissue Stem Cell Committee of the ISCT proposed

a minimum set of criteria that MSCs have to meet (15) (Figure 2).

-14 -
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First, MSCs must be able to adhere to plastic under culture conditions and present a
fibroblast-like shape. In fact, they proliferate to form a heterogeneous population of
fibroblast-like cells (colony-forming-unit fibroblasts) that are at varying stages of
commitment to differentiation.

Second, MSCs must present a specific immunophenotype. They have to express CD105
(also known as endoglin), CD73 (ecto-5'-nucleotidase), and CD90 (THY1) on their
surface, and be negative for the haematopoietic marker CD45, monocyte or macrophage
markers CD14 or CD11b, haematopoietic progenitor and endothelial cell marker CD34,
B cell markers CD79a or CD19 or human leukocyte antigen (HLA)-DR.

Third, to demonstrate their multipotency, MSCs must differentiate in vitro into osteoblasts,

adipocytes and chondroblasts.

Stromal tissue source
Plastic
adherence

Proliferation
l consecutive passaging

Phenotype
CD73* CD11b
CDho0* CD14
CD105* CD34
CD45
CD1Y
CD79%a
HLA-DR | .-~

Mesenchymal
differentiation

/ l \ in vitroand in vivo

b o
*
Adi t Chondrocyte
POCYIE " Osteoblast

Figure 2. Minimal criteria for defining human multipotent MSCs according to the ISCT.

After isolation, MSCs can be distinguished from other cell types by their capacity to adhere to

plastic. After that, they can proliferate for several consecutive passages to form a heterogeneous

population of fibroblast-like cells. Although MSCs do not express a unique cell marker, ISCT

proposed a phenotype criteria. Concretely, they established that MSCs must be positive for CD73,

CD90 and CD105 and show a lack of expression of other markers typical from other cell types
such as CD11b, CD14, CD34, CD45, CD19, CD79a or HLA-DR. Additionally, MSCs have to

possess the ability to differentiate in vitro or in vivo into other mesenchymal tissue cells such as

-15-
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osteoblast, chondroblasts and adipocytes. Image created with BioRender.com and adapted from
(30).

4. IMMUNODULATORY FUNCTION OF IN VITRO EXPANDED MSCs

Importantly, in addition to their high self-renewal capacity and multilineage potential, it has been
shown that in vitro expanded MSCs possess broad anti-inflammatory and immunomodulatory
capacities in vitro and in vivo, both in preclinical models (31, 32) and in clinical trials (33-35).
MSCs can modulate both innate (macrophages, dendritic cells and NK cells) and adaptive
immune (T- cells, B-cells) responses through the production of a variety of mediators, including
(i) soluble factors (e.g. cytokines, growth factors, including IL-10, IL-6, tumor necrosis factor a-
stimulated gene 6 (TSG-6), hepatocyte growth factor (HGF), and prostaglandin E2 (PGEz)), (ii)
intracellular enzymes (nitric oxide, indoleamine 2,3-dioxygenase (IDO), and hemeoxhygenase-1
(HO-1)) (iii) membrane bound molecules (e.g. PD-L1, HLA-G) (36). Furthermore, MSCs have
been shown to home to sites of inflammation, making them a promising cell therapy for the
treatment of inflammatory/immune-mediated diseases (37), including graft-versus host disease,

sepsis, inflammatory bowel disease (IBD), and multiple sclerosis.

Interestingly, the capacity of MSCs to suppress or promote inflammation depends on the
inflammatory milieu they are subjected to since they are not constitutively immunosuppressive.
During the onset of inflammation, low levels of inflammatory mediators such IFN-y, TNF-a and IL-
1B drive MSCs to acquire a proinflammatory state (known as MSC1). During this phase, MSCs
generate great amounts of proinflammatory soluble mediators that stimulate activation and
migration of neutrophils, and enhance their ability to phagocytize bacteria and promote bacterial
clearance (38). On the other hand, during the late phase of inflammation, high levels of
proinflammatory cytokines are released, and engrafted MSCs tend to show an anti-inflammatory
phenotype (or MSC2). In this context, they suppress activation and effector functions of
inflammatory dendritic cells (DCs), macrophages and T, NK and NKT cells, promoting tissue
repair and homeostasis (38). The switch towards a proinflammatory or anti-inflammatory
phenotype mainly relies on differential activation of toll-like receptors (TLRs) that are expressed
on their surface (39). TLR-4 mediated activation influences in the polarization of MSCs towards a
MSC1 phenotype, while activation of TLR-3 may lead MSCs to a MSC2 immune-suppressive
phenotype. The balance between these pathways probably serves to prevent excessive tissue

damage during inflammation and promote host defense (38).

5. INTESTINAL STROMAL CELLS - FROM STRUCTURAL COMPONENTS TO KEY
PLAYERS IN EPITHELIAL HOMEOSTASIS AND IMMUNE RESPONSES.

Epithelial and stromal cells are present at the surfaces of most organs, creating a physical barrier,

separating the microbiome from the underlying tissues and immune system (40). Numerous
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studies have investigated the interactions between the microbiome and the immune system in the
healthy and diseased gut, but little attention has been directed at the intestinal stroma. Recently,
studies have started to understand their involvement in regulating the homeostasis/maintenance
of the epithelial barrier, modulating immune/tissue responses. Importantly intestinal stromal cells
exhibit both beneficial and detrimental effects in intestinal pathologies and cancer, as will be

discussed below.

A maijor drawback in the field of intestinal stromal compartment in that, in the literature, the term
intestinal SCs (iSCs) has been confusingly used to make reference to cells with mesenchymal
origin such as fibroblasts (FBs), smooth muscle cells (SMCs) and pericytes (1, 41, 42) but has
also even included lymphatic endothelial cells, blood vessels, neurons and glia (40, 43). Similarly,
the term “intestinal mesenchymal cells” (iMCs) encompasses different kinds of cells and is
generally used to refer to CD45-EpCAM- non-endothelial (CD31-), non-glial and non-neuronal
cells, including myofibroblasts (MFBs), FBs, SMCs, pericytes, and mesenchymal stromal/stem
cells. But mostly, these two terms - iSCs and iMCs - have been used indistinctly to refer to the
same type of cells i.e. cells that share similar origin, marker molecules and integrated biological
functions. This, together with the fact that there is no unique specific marker to concretely define
these different subsets and allocating functions, has given rise to multiple scientific works referring
to the same cells into distinct manners. For these reasons and unless otherwise stated, here we
will refer to iIMCs as all CD45- (non-hematopoietic) CD31- (non-endothelial) and EpCam- (non-
epithelial) cells of unknown or mixed origin in the intestine and, if possible, their specific name will

be mentioned.

In general, iIMCs are negative for hematopoietic (CD45), epithelial (EpCAM-), and endothelial
(CD31-) markers and positive for combinations of CD90, a—smooth muscle actin (a-SMA, also
known as ACTA2), desmin and vimentin. Other proposed markers include platelet-derived growth
factor receptor (PDGFR)-a, chondroitin sulfate proteoglycan 4, also known as melanoma-
associated chondroitin sulfate proteoglycan or neuron-glial antigen 2 (NG2) and S100 calcium
binding protein A4 (S100A4, also known as FSP1). However, the lack of specific markers to
distinguish and locate different subsets until recently have made it difficult to assign specific
functions to a particular iMC subset, limiting the understanding of the immunobiology of these
cells (41, 44). In 2016, NK2 homeobox 3 (NKX2-3) and amine oxidase copper containing 3
(AOC3), a cell surface molecule, were identified as SMC and myofibroblast markers, respectively;
short stature homeobox 2 (SHOX2) was found to be a marker for fibroblasts and so, should be

used for characterization of this subset (45) (Table 1).

» KEY CONCEPT | intestinal mesenchymal cells lack specific cells surface markers. The
lack of iIMCs specific markers makes it difficult to identify iMCs in tissue and the development of
strategies that could modulate their behaviour in vivo. Because of that, current research is focused

on searching for specific markers for these cells.
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Subsets Markers Functions

Mechanical support, epithelial

a-SMA-, Vimentin+, CD90+, Desmin-, FSP1+, homeostasis, stem cell niche
Fibroblasts PDGFRa+,PDGFR-, VCAM1-, AOC3-, NKX2- maintenance, immune
3-, SHOX2+, SMM- regulation

aSMA+, Vimentin+, CD90+, Desmin-, ER-TR7+, = ECM maintenance, regulation
PDGFRB+,VCAM1-, MHC class |,II+, CD80/86+, of angiogenesis and vascular
Collagen I+, NG2+, AOC3+, NKX2-3-, SHOX2-, function

SMM-, FAP+

Myofibroblasts

Regulation of angiogenesis,
cell trafficking, vascular
function, stem cell properties

aSMA+, Vimentin+, Desmin+, PDGFRa+,
Pericytes PDGFRB+, VCAM1+,MHC class |11+,
CD80/86+, NG2+, SMM-

Vimentin+, CD90+, PDGFRo+, PDGFRB+,
ICAM1+, VCAM1+,CD73+, CD105+, CD29+,

MSCs CD44+, SMM- Stem cell properties
aSMA+, Vimentin-, CD90-, Desmin+, FSP1-, Mechanical suoport. smooth
PDGFRa+,VCAM1-, NG2+, AOC3+, NKX2-3+, pport,
SMCs muscle contraction

SHOX2-, SMM+

Table 1. Subsets of iMCs that are present in the intestine. AOC3, amine oxidase copper
containing 3; CD, cluster of differentiation; FAP, fibroblast activating protein; FSP1, fibroblast-
specific protein 1; ICAM1, intercellular adhesion molecule 1; NKX2-3, NK2 Homeobox 3; SHOX2,
short stature homeobox 2, SMM, smooth muscle myosin; VCAM1, vascular cell adhesion protein
1. Table adapted from (46).

In the healthy colon, fibroblasts are usually inactive, with low transcriptomic and metabolic activity.
They are found in the lamina propria, which is the connective tissue adjacent to the gut epithelium,
and their main functions include the secretion of extracellular matrix (ECM) proteins for the
maintenance of the ECM, the secretion of ECM modifying enzymes, and the secretion of
mediators that control epithelial differentiation and proliferation (41, 47, 48). However, upon tissue
damage and/or inflammation, fibroblasts are activated by multiple factors (including TGF-B,
reactive oxygen species (ROS), inflammatory cytokines, chemokines and mechanical stress), and
differentiate into myofibroblasts (49, 50). In contrast to fibroblasts, myofibroblasts proliferate,
acquire a stellate morphology and are metabolically more active. The principal role of
myofibroblasts is to promote tissue repair and wound healing, along with modulation of
inflammation (48, 49, 51, 52). After the resolution of the insult, the quantity of myofibroblasts
diminishes, partly through a reversion to the quiescent state and apoptosis. As stated before,
resident MSCs can be isolated from a myriad of adult tissues and are multipotent progenitor cells
that are distinct from completely differentiated, non-hematopoietic intestinal-resident cells. They

have the ability to regulate immune responses and to differentiate to different cell types. However,
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their precise homeostatic functions and origin are not clearly defined (53-55). Curiously, studies

of other tissues have found pericytes as a possible predecessor of MSCs (56).

In line with the use of the cellular markers explained before, the following figure depicts the
anatomical structure of the small intestine and colonic lamina propria in order to clarify the
organization and relationships of the different intestinal mesenchymal cells (the anatomy of the

large intestine is quite similar to the crypts of the small intestine).

/ ~
Epithelial cells |
Basement
membrane
Myofibroblasts
Fibroblasts
Mesenchymal
stem cells
Arteriole-
capillary network
\ Venule-
capillary network
Lymphatic lacteal-
associated smooth
muscle

Muscularis mucosae ]
A

Figure 3. The spatial distribution of the intestinal mesenchymal niche and the epithelial
compartment alongside the small intestine. (a) Longitudinal view of the villus-crypt axis
showing the epithelium, lamina propria myofibroblasts, pericytes, resident mesenchymal
stem/stromal cells (previously defined as MSCs), and smooth muscle cells in the muscularis
mucosa. Fibroblasts are mostly located in the upper part of the villi. (b) Transverse sections
through a villus show the lymphatic capillaries associated with smooth muscle cells. (c) Cryptal
cross section demonstrating the lymphatic pericytes. As well, images b and c¢ show that
subepithelial myofibroblasts are mainly pericytes (d) lllustration of the myofibroblasts and
pericytes that support and wrap around the capillaries. (e) A Peyer’s patch with its different

cellular components. Image taken from (41).

6. DEVELOPMENTAL ORIGIN OF INTESTINAL MESENCHYMAL CELLS

Understanding the lineage tree of intestinal mesenchymal cells and their developmental origin is
fundamental for their study, classification and further characterization. The intestinal

mesenchyme evolves at the same time with the epithelium during the development of the embryo
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and their cross-talk is crucial during the organogenesis of the intestine (57). Precursor cells are
observed at 7-weeks of the developing process, when the intestinal lumen is not still assembled.
2 weeks after, the lumen along with primitive crypt invaginations is organized. At this time, there
are also observed vascular structures with pericytes and endothelial cells, collagen fibers, a
basement membrane and epithelial cells surrounded by myofibroblast-like and fibroblast-like
cells. At the 11th week the intestines possess well-differentiated villi and crypts, composed of
secretory and epithelial cells. At the base of the crypts and in the lamina propria myofibroblast-
like cells and fibrous extensions (called fibronexi) are present (58). Cells of the intestinal
mesenchyme, including the lamina propria, its blood and lymphatic vessels and the muscularis
propria are thought to originate mainly from the visceral mesoderm. Other origins proposed are
the mesothelium and the neural crest (57). The mesothelium is a monolayer of squamous-like
epithelial cells that lines serosal cavities and internal organs. Is believed to generate iMCs via
epithelial-mesenchymal transition (EMT) and is derived from the mesoderm (44, 57). In 2012,
Rinkevich et al. proved the mesothermal origin of intestinal mesenchymal cell populations. For
that purpose, they created a mesothelin (a marker of mesothelial cells) knock-in mouse model to
perform lineage tracing experiments between days 10.5-17.5 of the embryo development and
showed that mesothelin+ cells are precursors of myofibroblasts of the intestinal mucosa and of
SMCs in the gut. By contrast, lineage tracking of cells from the neural crest or circulating cells
showed no contribution of the neural crest to the intestinal smooth muscle and the lamina propria
mesenchyme (59). In spite of this, the lineage relationships between progenitor cells in the adult
gut have not still been clarified. In addition to the complexity over intestinal mesenchymal cell
origin, in the last decade there is an increasing interest in the immunomodulatory capacity and
therapeutic potential of mesenchymal stromal cells cells (60). In 2004, Brittan & Wright
demonstrated that lamina propria pericytes and subepithelial myofibroblasts are repopulated by
bone marrow stromal cells, being neoplasia and intestinal injury amplifiers of this process (61).
This mechanism also takes place in lungs (62) and liver (63). What specific chemotactic signals
and which bone marrow stem cells are the promoters of this mesenchymal replenishment still
remains unclear (64). Both MSCs and fibrocytes are candidate cells of bone marrow origin to be
the stromal stem cells of the intestine (65, 66). As stated before, MSCs are CD45-, CD34" ,a-
SMA* cells that express variable levels of CD105, CD73, CD44, CD90 and CD71 (transferrin
receptor) and do not express antigen-presenting costimulatory markers like CD40, CD80 and
CD86 (66). Fibrocytes derive from a small subpopulation of CD14+ PBMCs expressing 1gG
receptors. They are a-SMA+, CD45*, CD34* cells that also express CD80, CD86 and MHC-II (65,
67). As well as MSCs, fibrocytes are located in cancers and in inflamed tissues (65).
Nevertheless, a better understanding of these two bone marrow-derived cells function would be
useful in the area of IMC biology, especially with regards to the modulation of resident
mesenchymal cell function/ abundance in the context of stromal cell transplantation for intestinal

and liver diseases (64, 68).
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7. ROLE OF IMCS: INTESTINAL HOMEOSTASIS

As we have seen, iMCs form a complex system underneath the gut epithelium (41, 69). Due to
their localization, they provide structural framework but also take part in a variety of processes in
the gut to maintain intestinal homeostasis — they play crucial roles in intestinal repair and wound
healing and release mediators for epithelial differentiation and proliferation (70). Hereafter, we
are going to see how the bidirectional communication between the epithelium and the
mesenchyme compartments fundamentally relies on the release of different soluble mediators

that impact in the intestinal epithelium fate and homeostasis (71).
7.1. Wnt signalling

Wnt pathway is the principal pathway that drives epithelial proliferation. The fundamental
signalling mediators of this pathway are Wnt proteins, that are classified into canonical (Wnts 3,
6 and 9b) and non-canonical (Wnts 2b, 4, 5a and 5b). Historically, when the Wnt canonical
pathway is activated, cytoplasmic [B-catenin translocates to the nucleus and promotes the
expression of related genes. On the other hand, the term non-canonical pathway refers to Wnts
signalling that does not lead to nuclear B-catenin translocation (72). An in deepth analysis of
intestinal Wnts reported that canonical Wnts are mainly produced by epithelial cells, while non-
canonical Wnts come from the mesenchymal compartment (73). In 2007, Van der Flier et al. (74)
found that a series of genes were preferentially expressed within the crypt stem cell niche after
Whnt signalling activation, arriving to the conclusion that Wnt signalling is enhanced at that
location. Concretely, olfactomedin 4 (Olfm4) and leucine-rich repeat—containing G protein—
coupled receptor 5 (Lgr5), were expressed in epithelial stem cells or their predecessors. (74-76).
On the other hand, it has been reported that some Wnt antagonists have a mesenchymal origin
(77). Then, mesenchymal cells participate in the modulation of the Wnt/B-catenin signalling

pathway, preventing an exacerbate activation in the intestinal epithelium.
7.2. BMP signalling

One major pathway that antagonizes Wnt signalling across the epithelium comprises the
mesenchymal-derived bone morphogenetic proteins (BMPs) (78, 79). The BMP pathway
suppresses Wnt/B-catenin signalling in epithelial stem cells, limiting their self-renewal and
expansion and promoting their differentiation (80, 81). BMPs antagonize Wnt signalling by
stabilizing Phosphatase and Tensin homolog (PTEN), which in turn, diminishes Akt activity, and
therefore inactivates 3-catenin translocation (78). BMPs are growth and differentiation factors that
belong to the TGF- superfamily. Their binding promotes the activation of the receptor they have
been coupled with, which phosphorylates a SMAD protein (SMAD1, -5, or -8) that then forms a
complex with a co-SMAD — SMAD4 in mammals. Right after, the SMAD1/5/8-SMAD4 complex
translocates to the nucleus, and activates the transcription of a set of genes (82). BMP signalling
takes place also in a SMAD-independent manner. In this case, after BMP binding, a MAPK-

dependent signalling cascade is triggered (82). Active Bmp signaling, is detected within
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differentiated epithelial cells and throughout the mesenchymal compartment of the lamina propria
(81, 83) and as one proceeds in direction to the lumen, the quantity of BMPs increases, creating

an environment that supports epithelial differentiation (84) (Figure 4).
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Figure 4. Interactions between the epithelial and mesenchymal compartments in the
intestinal crypt. Hh proteins released by epithelial cells of the differentiative zone promote the
synthesis of Bmps by mesenchymal cells. While their lack in the stem cell niche compartment
leads to a decreased synthesis. On the other hand, Bmps produced by differentiated epithelial
cells support the maintenance of the quiescent and differentiated state. The secretion of canonical
Whnts by Paneth and epithelial stem cells supports self-renovation of the stem cell compartment
and also triggers the secretion of Bmp antagonists by myofibroblasts and cells from the
muscularis mucosae (which further augments Wnt signaling). Image created with BioRender.com
adapted from (41).

7.3. Hedgehog signalling

Epithelial cells can also regulate the mesenchymal cell compartment. One way of regulating it is
through the hedgehog pathway. Differentiated epithelial cells express and release Hedgehog
proteins (Hh): Indian Hedgehog (IHH), Sonic Hegdehog (SHH) and Desert Hegdehog (DHH),
which ensures a lower level of BMPs in the proliferative zone (Figure 4). The first studies came a
decade ago, when Kosinski et al reported that IHH is crucial to coordinate intestinal mesenchymal
cell formation and proliferation. In turn, iIMCs regulate the accurate differentiation and
regeneration of the intestinal epithelium (85). This process has to be thoroughly regulated, as a

continued activation of the hedgehog pathway results in to crypt abnormalities, elimination of
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epithelial cells precursors, and myofibroblasts overgrowth in mice (86, 87). Hh signaling is
triggered when a Hh protein binds to its receptor, initiating a signaling cascade that leads to the
translocation of the transcription factors Gli1, Gli2, and GIi3 into the nucleus, activating the
expression of some related genes like Gli1 and Ptch1. Both IIHH and SHH are expressed by
intestinal epithelial cells during day 18.5 of embryonic development and it has been shown that
IHH knockout mice die at birth (41). On the other side, minor mutations in SHH, IHH, or their
downstream pathways result in serious malformations on several organs in humans. Within the
adult intestine, hedgehog pathway is usually given in an epithelial to mesenchymal direction and
is fundamental for the proper development of the intestinal mesenchymal cell compartment (87,
88), bringing to light the key importance of bidirectional epithelial-mesenchymal interactions for

intestinal barrier maintenance and homeostasis.

8. ROLE OF IMCS: REGULATORS OF IMMUNE TOLERANCE AND THE
MUCOSAL IMMUNE SYSTEM

Historically, iMCs have been thought as mere observers of immune responses, providing only
structural support to professional immune cells. However, this concept has changed and iMCs
have emerged as direct players of tissue homeostasis and inflammation, in fact they were
denominated as “non-professional innate immune cells” (1). Although the cells from the epithelial
barrier sense and interact with food antigens, intestinal microbiota and pathogens, we know that
sometimes its physical and biochemical action does not prevent these antigens from entering the
lamina propria. Therefore, the professional and non-professional immune cells that lie below the
epithelial cells represent the second line of defence to antigens that have passed the gut lumen
(69). Summarized data below provides convincing evidence that gut mesenchymal cells act as

non-professional immune cells that regulate innate and adaptive immunity.
8.1. iMCs and innate response interactions

During the last decade, it has been acknowledged that iMCs have the ability to interact with
immune cells of the intestinal lamina propria and are able to sense inflammatory, damage-
associated and bacterial signals in their surrounding environment. Early studies were performed
in vitro with cultured intestinal mesenchymal cells from mice and humans. They established that
iMCs express a wide panel of innate recognition and cytokine receptors and respond to the
relevant stimuli by secreting chemokines, cytokines, ECM components and matrix
metalloproteinases (MMPs) (89).

Although evidence of the mesenchymal contribution to microbial sensing in vivo is scarce, there
is increasing evidence suggesting that iMCs are able to respond promptly to pathogenic agents.
As we are going to see, different studies have described that cultured murine and human
myofibroblasts express NLRs (NOD-like receptors) and TLRs. That gives evidence of their

potential to recognize and respond to immune signals in the gut such as bacteria and their
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components (90). In this regard, BMJ Owens et al. showed that CD90* iMCs are able to respond
to a Salmonella typhimurium infection in vitro, although to a lesser extent than professional APCs
such as dendritic cells (90). Nevertheless, evidence showing their mechanism of action in vivo is

still lacking.

Additionally, in 2011, Kim el al. reported that NOD2 (nucleotide-binding oligomerization domain-
containing protein 2) signalling in iIMCs was fundamental for handling the recruitment of
inflammatory monocytes and, therefore, for promoting bacterial eradication in a mouse model of
human pathogenic infection (91). Studies describing the expression of other NLRs in murine iMCs
are limited. However, it has been reported that mouse myofibroblasts constitute the principal
source of intestinal cells that express NLRP6, a member of the NLR family that regulates epithelial

barrier restructure after bacterial infection in vivo (92).
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Figure 5. Intestinal mesenchymal cells possess an important role in bacterial recognition.
Intestinal mesenchymal cells are strategically located to give a response to the intrusive
pathogens through NODZ2 sensing NOD2, can be triggered which triggers the release of CCL2
and facilitates the recruitment of inflammatory monocytes that take part in the eradication of the
pathogenic microorganism. Additionally, it is known that human colonic mesenchymal cells
express TLR receptors. For that reason, it would be feasible that upon microbial invasion, iMCs-
mediated immune signalling could act in two ways (i) promoting leukocytes recruitment and (ii)
generating growths factors and extracellular matrix proteins. MyD88 - myeloid differentiation

primary response gene (88), GM-CSF - granulocyte-macrophage colony-stimulating factor, NLR
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- NOD-like receptor, PGE; - prostaglandin-E,, VCAM-1 - vascular cell adhesion molecule-1 and
ICAM-1 - intercellular adhesion molecule-1 . Figure created with BioRender.com and adapted
from (93).

Also, it has been described that primary murine myofibroblasts, isolated from either the colon or
the ileum, express TLR4 and so respond to LPS stimulation by activating p38 MAPK, Akt, NFkB,
signalling pathways and secreting immune mediators including CXCL1, IL-6 and PGE:2 (94).
Additionally, human colonic myofibroblasts are known to express TLRs, NOD1 and NOD2
receptors (89), and have detectable protein levels of TLR2, TLR4 and TLRS5 allowing them to
reply to bacterial infections (90). In fact, as in mice, LPS stimulation of human iMCs triggers a
variety of reactions (95-97) including the production of IL-10, IL-6, IL-13 and GM-CSF, and the
upregulation of the adhesion molecules VCAM-1 (or CD106) and ICAM-1 (or CD54) (98). Also,
human iMCs produce functional NOD2 receptors, that act synergically with TLR2 to enhance the
expression of different IL-1 family members, regulating mucosal homeostasis (90). They also
possess the ability to respond to stimulation with IL-1B, IL-1a, TNF-a and IL-17 which in turn leads
to the activation of different mediators (like NF-kB, MAPKs and COX-2) and the secretion of
proinflammatory signals (such as IL-6, IL-8 and MCP-1), MMPs and distinct types of collagens
(44, 99-102). On the other hand, butyrate and propionate — very well known short-chain fatty acids
(SCFA) — attenuate the secretion of matrix metalloproteinases 1 and 3 induced by TNF-a and IL-
1B in these cells (103). Therefore, the aforementioned studies established that cytokine detection
and antigen recognition along with the signaling pathways they trigger are viable mechanisms in

intestinal fibroblasts/myofibroblasts.

In addition to bacterial responses, iIMCs subsets are involved in the immune response to
parasites. Concretely, SMCs express IL-4Ra, which is fundamental to fight helminth infection in
mice, and its related signalling has been related to a Th2 coordinate response and increased
intestinal contractility (104, 105).

8.2. iMCs and adaptive immune response

To date, interactions between iMCs and adaptive immune response have been little studied. The

main findings are summarized below.

iMCs can influence immune cells via the production of soluble mediators or through direct cell to
cell contact. It has been suggested that iMCs can interfere in T cell activity through different
mechanisms. Concretely, non-diseased human iMCs can interfere in CD4* T cell activity via
programmed death-ligand 1 (PD-L1) and PD-L2 expression, immune checkpoints that act binding
to PD1 in T lymphocyte surface and inhibiting T cell activation (106). Also, it has been shown that
after IL-2 priming they can support CD25* FoxP3* Treg expansion in a MHCIl and PGE:
dependent process (107). Additionally, it has been reported that human mesenchymal cells can
have an impact in lamina propria lymphocyte’s survival and proliferation in a process mediated

by the a4B1 integrin (108).Some other studies have reported the ability of iIMCs to present
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antigens and trigger T-cell cloning in vitro. This is due to human iMCs appearing to express HLA-
DR in steady state (109). On the other hand, it is still not clear whether mesenchymal cells from
the intestine can induce proliferation of a concrete effector T cell population. Nevertheless, it has
been described that after a proinflammatory challenge, iMCs can express 1L-23p19 (110) and

therefore, they could theoretically promote Th17 differentiation.

As mentioned above, iMCs can influence immune cells not only by direct contact but also via the
production of soluble molecules. Mediators such as PGEz, IL-10 and TGF(1-3 are released after
activation of some iMCs such as fibroblast, myofibroblasts and other peripheral stromal cells (111-
114). Although there is still lacking evidence of their immunosuppressive activity in the intestinal
stroma, we already know that these factors are implicated in the inhibitory activity that MSCs and
other stroma cells exert over B and NK cells, macrophages, dendritic cells and CD4* and CD8* T
lymphocytes (113-116).

Studies covering interactions between iMCs and other cells of the trained immunity such as B
cells are limited. In 2011, Fritz J et al. reported that factors secreted by iMCs, together with
microbial mediators, participate in the production of a multifunctional IgA-secreting plasma cell
population, capable of inducing the production of INOS and TNF-a (117). Also, it has been found
that LTBR signaling into iMCs is fundamental for the production of mucosal IgA (that plays a key
role in viral and microbial invasion) (118). Moreover, iMCs are able to induce IgM to IgA class
switching in vitro (119), which evidences the role of stromal cells in supporting IgA production.
However, further research should be performed to clarify the contribution of these interactions in

intestinal immunobiology.
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Figure 6. Intestinal mesenchymal cells communicate with multiple immune cell types.

Intestinal mesenchymal cells interact through various means with immune cell populations such
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as Th lymphocytes, Tregs, B cells and granulocytes. Intestinal mesenchymal cells communicate
with numerous cells mainly through the release of cell-derived cytokines in the two directions.
TGF - transforming growth factor, PGE; - prostaglandin E> LT — lymphotoxin, gp38 — podoplanin,
GM-CSF - granulocyte macrophages colony-stimulating factor, G-CSF - granulocyte colony-
stimulating factor, DC - dendritic cell, CCL - C-C motif chemokine ligand . Figure created with

BioRender.com adapted from (93).

9. INFLAMMATORY BOWEL DISEASE

Inflammatory bowel disease (IBD) is a chronic idiopathic disease mainly represented by two major
forms, ulcerative colitis (UC) and Crohn’s disease (CD). Although its etiology still remains
undefined, IBD is a multifactorial disease and is thought to stem from a combination of
environmental factors, genetic predisposition, microbiota imbalance and mucosa immune defects
(120). Patients suffering from these conditions present overlapping signs and symptoms like
diarrhoea, rectal bleeding and/or mucus in the stools, fatigue, fever, weight loss, abdominal pain
or fatigue, and so their quality of life is tragically impaired (121). Despite the latter, there are some
important differences between these two conditions that help in the clinical diagnosis. In CD, any
part of the gastrointestinal tract (GIT) can be affected and the intestinal inflammation is transmural
(any layer of the intestinal tissue can be compromised), segmental and, very frequently,
granulomatous. Also, unlike UC, CD is very frequently associated with fistulas, abscesses and
strictures. In UC, however, inflammation is limited to the colon and superficial - only mucosa and
submucosa can be affected (is non-transmural), where crypt abscesses and cryptitis are very

common (122). The main differences among UC and CD are collected in Table 2.

Crohn’s disease Ulcerative colitis

Can appear in any part alongside

the GIT, from mouth to anus Restricted to the colon

Affected area

Discontinuous patchy

Type of inflammation Continuous inflammation

inflammation
Extent of inflammation Can affect any layer of the gut Only mucosa and
wall submucosa can be affected

Physiological Thickened colonic wall and Thinned colon wall and

luminal surface can exhibit a . X
appearance ulcerative luminal surface
cobblestone appearance

Rectal bleeding Hardly ever observed Very common

Table 2. Summary of the main differences between crohn’s disease and ulcerative colitis
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9.1. Etiology

As said before, although a big effort has been carried out by the scientific community to elucidate
IBD etiology, it remains unclear. Currently, it is widely assumed that the disease appears in
genetically predisposed patients as the result of complex interplay between environmental,
microbial and immunological factors (123). In fact, it is generally assumed that any individual
factor does not have the ability to induce and maintain inflammation per se, leading to the idea
that the interaction between these distinct components is responsible for the disease clinical onset
(124).

9.2. Environmental risk factors

Multiple environmental factors have been associated with IBD, such as westernized diet,
geographical location, cigarette smoking, drugs (like antibiotics or oral contraceptives) and social
circumstances. These factors might either protect against the development of IBD or contribute
to its onset. Also, they can have an impact in the course of the disease and, since there are some
differences in the pathogenesis of UC and CD, the same factor can influence in a different
manner. Although some factors — like smoking - have been found to be highly correlated, there is
still conflicting evidence when it comes to others (125). Another important aspect is hygiene. In
this regard, the “hygiene theory” hypothesizes that a low bacterial exposure during childhood can

contribute to a less competent immune system, increasing the risk of developing IBD (126).
9.3. Genetic predisposition

Genome-wide association studies (GWAS) have identified 99 non-overlapping genetic
susceptibility loci, among them, 28 are shared between CD and UC, which indicates common
altered pathways (127, 128). A deep analysis of the results showed that these genes are involved
in a myriad of pathways that are fundamental for intestinal equilibrium like gut barrier function
(HNF4A, CDH1, MUC19), epithelial restitution (REL, PTGER4, NKX2-3), microbial defence
(NOD2, CARDY, REL), innate immune regulation, immune tolerance (/L10, CREM) production of
ROS (CARD9Y, UTS2, PEX13), autophagy (CUL?2), regulation of adaptive immunity (/L23R, JAK2,
TYK2, TNFSF15), endoplasmic reticulum stress (ORMDL3) and metabolic pathways associated

with cellular homeostasis (122).

Multidisease comparative analysis can bring to light shared disease-causing genetic factors and
pathways. Concretely, it has been reported that more than half of the loci correlated with an
increased IBD susceptibility have also been linked with other autoimmune and inflammatory
diseases. Nevertheless, they can have different roles. These overlapping genes can have
dissimilar effects depending on the condition, so it is vital to understand their function. For
instance, the R620W polymorphism of the PTPN22 gene is associated with an increased risk for
rheumatoid arthritis and type 1 diabetes, however, it diminishes the possibility of suffering from
CD(129). On the other hand, shared risk genes between conditions can give a clue on a disease's

evolution. For example, genes such as REL, CARDY, IL2 and MST1, are common in UC and
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primary sclerosing cholangitis (PSC), a well-known associated complication (130). Then, this
could help us to classify UC patients who are at PSC risk. Moreover, loci that predispose to CD
- like LRRK2 C130rf31 and NOD2 - unexpectedly overlap with susceptibility regions for
Mycobacterium leprae infection (131). Additionally, other CD-associated genes are involved in
the reaction against mycobacteria - such as IRGM, ITLN1, LTA and CARD9 (127). Therefore,
studies covering host responses against mycobacteria or related antigens may be helpful in

Crohn’s disease as well.

GWAS analysis explain approximately the 20% of the heritability in IBD (127, 128), the rest, might
be explained by non-genetic, epigenetic (and environmental) and other genetic factors such as
structural and rare variants, and interactions between genes and individual mutations, that are
not covered by GWAS. Nevertheless, the success of GWAS resides in their capacity to point out

fundamental pathways that have brought light into the IBD pathobiology.
9.4. Microbiota

The gut microbiota constitutes the largest source of bacteria of our body, consisting of
approximately 10'2 cells that belong to more than 1000 species of bacteria and other
microorganismes, including archaea, viruses, phages, yeast, fungi and protozoa (132). It is an
important modulator of human health and homeostasis through its role in food digestion, energy
harvest, immune development, and epithelial homeostasis. The microbiota is shaped early after
birth, in part through intricate interactions with the host immune system and colonocyte
metabolism (133). During the very first stage of life, microbiota is characterized by the presence
of facultative anaerobes, such as Enterobacteriaceae and Staphylococcus. Right before and after
the weaning period, the infant’s microbiota is dominated by Bifidobacterium and some lactic acid
bacteria. With the consumption of solid food, microbiota is colonized with new microorganisms
and changes to a more adult-like profile, mainly represented by bacteria from the genera
Clostridium, Veillonella, Prevotella, Ruminococcus, and Bacteroides. During the first 3-5 years of
age, the microbiota keeps developing and becomes more and more diversified until it is finally
shaped into its adult profile — mainly composed of Firmicutes and Bacteroidetes phyla (134).
Thereafter, its composition remains almost invariable (135). However, life-style-related diseases
such as diabetes and obesity, the use of antibiotics, food additives and certain infections, can
result in intestinal dysbiosis (136). Dysbiosis causes disease by promoting inflammation,
modulating cellular signaling, changing the immune responses, increasing the production of
exotoxins that interact with the mucosa, and promoting the formation of carcinogens from dietary
elements and xenobiotics. An altered interaction between the gut microbiota and mucosal
immune system has been linked to different inflammatory and malignant gastrointestinal
diseases, including IBD, irritable bowel syndrome (IBS) and colorectal cancer (CRC) (137-140).
Due to its importance in the maintenance of intestinal homeostasis and the involvement of

dysbiosis in IBD disease, the intestinal microbiota has lately become a therapeutic target.
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The implication of commensal bacteria on IBD is also reflected in in vivo models of spontaneous
colitis, in which the absence of microbiota (germ free mice) impairs the development of the
disease (141, 142). In turn, when bacteria or their purified parts are reintroduced in the gut,
spontaneous colitis occurs and the disease persists (143, 144). Additionally, the use of broad-
spectrum antibiotics in patients with active UC, promptly reduces intestinal inflammation,
indicating how luminal bacteria signaling can drive to mucosal injury (145). Moreover,
mechanisms of commensal tolerance in IBD patients are highly dysregulated. This is reflected
mainly by two facts. First, T lymphocytes from the mucosa display hyperreactivity against common
antigens in the intestinal bacterial milieu (146) and second, they show a dramatic increase in
mucosal IgG antibodies against commensal bacteria (under physiological conditions, IgA is the

main immunoglobulin in the intestine) (147).

Gut dysbiosis in IBD is characterized by a marked reduction in diversity of bacteria species in
comparison with healthy individuals. This alteration is mainly associated with a decrease of
bacterial diversity within Bacteroidetes and Firmicutes phyla - and therefore,
Firmicutes/Bacteroidetes ratio - as well as in bacteria that potentially protect the intestinal function
belonging to the genus Bacteroides, Eubacterium, Bifidobacterium and Lactobacillus, together
with the overgrowth of Escherichia coli or Streptococcus faecalis (148-152). Nevertheless, not all
bacteria play the same role since it has been proven that specific microbial species belonging to
the genera like Lactobacillus, Bifidobacterium and Faecalibacterium could actually protect the
mucosa through the induction of immune pathways that avoid inflammatory responses (153). In
fact, several pre- and clinical studies have shown the beneficial effect of probiotics in IBD and
CRC (154-157). However, a deeper understanding of their mechanisms of action is necessary to

implement their broad use in the clinic.

9.5. Epithelial barrier, the physical line of defence: mucus, antimicrobial
peptides and cell monolayer

The first physical barrier found by food allergens and bacteria is the mucus layer, composed of
different gel-forming mucins (being MUC2 the most important one) secreted by goblet cells. These
mucins form a dense and firm layer that usually is more porous in its outer part. Mucins are
fundamental in bacterial defence. This was highlighted in two different studies in which transgenic
MUC2-/- mice developed colitis as a consequence of direct contact between bacteria and
epithelial cells (158, 159). Besides, within the mucin- matrix we can find peptides with
antimicrobial activity (AMPs) — the a- and B-defensins. The first are secreted by Paneth cells while
the others are produced via epithelial cells and they act by controlling the composition of the
intestinal microbiota. Although some of them are produced constitutively, others are released after
bacterial sensing by pattern recognition receptors (PRRs) (160). In fact, defects in Paneth cell
function and in the secretion of defensins are observed in CD patients. Concretely, they present
a defective expression of HBD2, HBD3 and HBD4 (3-defensins when compared to UC patients

(161). Right under this intricate matrix, we encounter a monolayer of intestinal epithelial barrier,
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that constitutes the second physical layer of defence. This barrier is mainly composed of
enterocytes and to a lesser extent, goblet and Paneth cells (the latter ones are only present in the
small intestine). Enterocytes are implicated in microbial sensing, and control of immune cell
activation through the release of soluble factors. The barrier integrity is sustained by adherens
and tight junctions and desmosomes that form the intercellular apical junction complex. Patients
with both CD and UC suffer from increased intestinal permeability due to a defective epithelial
barrier. Nevertheless, whether this is the cause or consequence of continuous inflammation is
still uncertain. Other defects associated with the development of IBD are related with microbial
sensing through PRRs. As described before, mutations in the NRL family member NOD2 have
been correlated with ileal CD and, until today, is the gene with the strongest association to IBD
(162-164).

10. IBD IMMUNE RESPONSES

10.1 Innate immunity

Innate immunity represents our first line of defence against pathogens and is characterized to be
fast and non-specific. In addition to epithelial and stromal cells, innate immune cells sense gut

microbiota and pathogens, initiating the inflammatory response.

Intestinal mgs - together with dendritic cells - act as effector cells of the innate response, playing
an important role in discerning between potential pathogens from innocuous antigens. Thus, they
are able either to initiate a response towards pathogens or ensure local tolerance, being

fundamental gatekeepers of gut homeostasis (165).

Their privileged position close to the epithelial barrier in conjunction with their phagocytic activity
makes them the perfect cell type to capture and remove any material that has surpassed the
epithelial monolayer. They also promote the maintenance of the epithelial barrier integrity,
promoting survival and proliferation of epithelial cell precursors via the release of PGE2, BMP2
and Wnt ligands (165, 166). They are also implicated in tissue remodeling (167) and exhausted
epithelial cells engulfment (168). Interestingly, intestinal resident macrophages have the ability to
remain unstimulated after TLR signalling or bacterial ingestion (169, 170), preventing an
inflammatory response to commensal bacteria (165). They also promote oral tolerance mainly

via the secretion of IL-10, which induces the proliferation of Tregs (171).

On the basis of the Ly6C surface marker expression there exists two distinct monocytic
subpopulations (172). The Ly6Ch is the largest subset and has been typically designated
“classical” monocytes. They are characterized by the expression of high levels of CD62L and
CCR2, but low levels of the CX3C chemokine receptor 1 (CX3CR1). They are recruited in a CCR2
dependent manner - CCR2 or CCL2 deficient mice have no circulating monocytes. The Ly6C'°

subset is known as the “non-classical” monocytes and they are CX3CR1* and express lower
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levels of CD62L and CCR2 (165). They are involved in vasculature maintenance as well as

neutrophil recruitment and endothelial cell efferocytosis (173, 174).

Unlike other tissues, the intestinal macrophages pool needs regular replenishment from blood
Ly6Ch monocytes (169). After entering the mucosa, circulating monocytes suffer a transformation
process to become functional mature macrophages. This takes place through a series of transient
CX3CR1int intermediaries that start to express MHCII before losing Ly6C expression. This is
followed by upregulation of CD64, F4/80 and CX3CR1 expression, finally acquiring a typical
CD11c*, MHCII*, F4/80h, CD64*, CX3CR1" phenotype. At the same time this monocyte-
macrophage differentiation waterfall takes place, macrophages acquire their typical functions -
increased phagocytic activity, unresponsiveness to TLR ligation and IL10 increased production
(168, 169, 175).

During intestinal inflammation, there is a drastic shift in macrophage tissue composition that
results in the arrest of the monocyte-macrophage differentiation continuum and leads to an
accumulation of CX3CR1"t MHCII- macrophages. This has been described in different models of
colitis, including the DSS-induced and adoptive transfer colitis. These macrophages, unlike tissue
resident ones, can respond to TLR stimulation and produce high amounts of proinflammatory
cytokines such as TNF-q, IL-6, IL-12, IL-23 and iNOS. Conversely, the quantity of CX3CR1hi
resident macrophages changes very little, and in spite of the inflammatory environment, they
remain anti-inflammatory (168, 169, 175, 176).

10.2. Adaptive immunity

In contrast to the innate immune system, adaptive immunity is highly specific and it provides long
lasting immunity to the host. Usually, distinct components of the adaptive immune response
collaborate with the cells of the innate response, resulting in a highly effective pathogen removal.
The principal players of this specialized response are T cells, that after activation can differentiate
into the different subtypes of T helper cells (Th1, Th2, or Th17). While Th1 cells are necessary
for combating intracellular pathogen, Th2 cells mediate allergic and anti-parasite response, while
Th17 cells mediate responses against extracellular bacteria and fungi invasion (177, 178). A
dysregulation of the T cell response leads to an excessive release of cytokines and chemokines
that have multiple pathogenic effects, contributing to the onset of inflammation. In fact, multiple
studies have established an association between CD and UC and different levels of T lymphocyte-

derived cytokines (179).

10.2.1. Th1, Th2 and Th17 cells in IBD

Th1 cells, traditionally induced by IL-12, are characterized by the production of great amounts of
INF-y, while Th2 typical cytokines are IL-4, IL-5 and IL-13 (177). In CD, the typical T cell cytokine
profile in the mucosa is defined by elevated levels of IFN-y and IL-2. This together with the fact
that CD is characterized by higher levels of macrophage-derived IL-12 (when compared to UC),

suggest that CD is caused by an aberrant Th1 response, (180, 181). Th1-derived IFN-y favours
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enterocytes apoptosis and the production of TNF-a by intestinal macrophages. This promotes the
transition of fibroblasts to myofibroblast that start to secrete MMPs capable of digesting the basal
membrane of the enterocytes (182). Then, TNF-a connects innate and adaptive immune
responses, playing a crucial role in IBD pathogenesis, as evidenced by the important results
obtained with anti-TNF-a therapy (183).

In the case of UC, we find high amounts of the Th2 cytokines IL-5 and IL-13, this last one released
by atypical NK T cells (184-186). Some studies have reported an anti-inflammatory effect of IL-
13 in the intestine (187, 188), while others have described that IL-13 can increase intestinal
permeability and induce enterocyte differentiation and apoptosis (189, 190). A study carried out
by Bernardo et. al showed the absence of this cytokine in supernatants from UC biopsies cultured
ex vivo - that were enriched in IL-6 though (191). Therefore, the importance of the Th2 response

in IBD onset is still unclear.

Th17 differentiation is induced by a combination of TGF-B and IL-6, and their expansion is
promoted by IL-23, a cytokine that has an essential role in initiating an early response against
bacteria and mediates the crosstalk between innate and adaptive immunity. They are
characterized by the production of large amounts of IL-17A, IL-17F, IL-21 and IL-22 (192). IL-17A
has been found to be overexpressed in the lamina propria of IBD patients, as well as in the
supernatants of ex vivo cultured mucosa (193). Moreover, IL-21 secreted by Th17 cells is an IL-
2 related cytokine highly expressed in the mucosa of IBD patients (194, 195), and it acts inducing
Th1/Th17 responses.

10.2.2. Requlatory T cells (Tregs)

T regs are capable of suppressing THO proliferation in vitro and in vivo and they typically express
the transcription factor Foxp3 (196). They are highly involved in gut homeostasis, since they
prevent the development of an altered immune response against food antigens and commensal
microbiota. Concretely, they are in charge of avoiding the activation and action of T effector cells
via the secretion of anti-inflammatory cytokines such as TGF-B and IL-10 (197). Tregs are
increased in the mucosa of IBD patients and their functions are not impaired (as described in in
vitro experiments). Nevertheless, it has been reported that effector T cells in the mucosa of IBD
patients do not respond to the action of Tregs (198). Thus, a diminished anti-inflammatory Treg

activity could contribute, as much as an enhanced T cell effector function, to IBD pathogenesis.

11. IMCS IN INTESTINAL INFLAMMATION

The advantageous contributions of iIMCs to the epithelial barrier formation and homeostasis
maintenance are clear. Nevertheless, when improperly activated or regulated, iMCs can
contribute to pathological mechanisms, which usually occurs during inflammatory immune
diseases, such as IBD. Recently, studies using high throughput technologies such as single cell

RNAseq or mass cytometry time of flight (CyTOF) have described the different stromal cell

-33-



INTRODUCTION

subsets in the colon of healthy and IBD patients (199-201). Kinchen et al. reported the presence
of 12 different cell clusters of non-immune, non-epithelial origin in the colon of colitic patients
(199). Of these 12 clusters, five were identified as distinct mesenchymal cell types. Among these,
four of them were defined as fibroblast-like cells (stromal 1-4 subsets, hereafter S1-4) and the
fifth one as myofibroblast (based on the expression of genes with contractile function). S1 was
distinguished by the production of elastic fibers and non-fibrillar collagens, while S2 showed
marked expression of sheet collagens (like COL4A5, COL4A6, which are fundamental for the
epithelial base membrane) and S3 was enriched in extracellular and supramolecular fiber
organization. With regards to the cells in the S4 cluster, while they were rare in the intestines of
healthy participants, this population was highly expanded in patients with UC, constituting the
main stromal population in the inflamed intestine. This subset presented a upregulation of
podoplanin (PDPN, also known as gp38), IL-33, CCL19, CXCL5, MMP3, IL1B and IL6 as well as
molecules associated with the development, organization and function of tertiary lymphoid
structures. It has been proposed that this pro-inflammatory cluster could be, in part, responsible
for the epithelial barrier damage by inhibiting the proliferation of the epithelial stem cell niche (199,
202). It is worth noting that the chemokine profile exhibited by iMCs mainly recruits cells from the
myeloid lineage, which highlights the possibility that, after an inflammatory insult, stromal cells
could be pre-primed to speed up the action of myeloid cells.
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Figure 7. Mesenchymal cells in the intestine of IBD patients versus healthy people. In IBD

a decreased migratory capacity of fibroblasts and fewer mesenchymal cells are found (shown in
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green). Mesenchymal cells possess the ability to respond to the invading microbiota either in a
direct or indirect way. Pathogenic iMCs (shown in light red) secrete a myriad of mediators and
participate in the recruitment of leukocytes to the site of inflammation. PDPN - podoplanin, OSMR
- oncostatin M receptor, FAP- fibroblast activation protein, IFN-y - interferon gamma, CXCL - CXC
motif chemokine, TNFSF-14 - tumor necrosis factor superfamily 14, mTNF - membrane-bound
tumor necrosis factor, CCL - chemokine ligand, BMP - bone morphogenetic protein. Figure
extracted from (203).

Additionally, Smillie et al. found eight fibroblast-like clusters in healthy and UC colonic samples,
one of them highly expanded during disease (200). This last one was designated as IAF
(inflammation-associated fibroblasts) and was characterized by expression of IL-13RA2, FAP,
and IL-11. The other cluster mainly differed in the expression of Wnt and BMP genes, which
suggest their variable position alongside the crypt-villus axis. On the other hand, Martin et al.
focused on the study of paired healthy and compromised resections from the ileum of CD patients
(201). They identified different stromal clusters composed of fibroblasts, SMCs, pericytes and
endothelial cells. The two fibroblast subsets differed in their expression of platelet-derived growth
factor receptors (PDGFRA and PDGFRB) and prostaglandin. Interestingly, activated fibroblasts
strongly expressed CD90, PDPN and some other mediators such as IL-6, IL-11, CXCL1, CXCL2,
CXCL5 and CXCL8 (201).

iMCs are important not only in the pathology of inflammation but also in colorectal cancer, where
they can both support and suppress tumor-growth, promote angiogenesis and might even

regulate metastasis ((46, 204, 205) which will be discussed more in detail below.

12. INFLAMMATION-ASSOCIATED COLORECTAL CANCER

Colorectal cancer (CRC) is currently the third most common malignant neoplasm worldwide and
the second leading cause of cancer-related deaths, causing approximately 900,000 deaths/year
(https://tinyurl.com/rt8jefhc accessed 02/10/2021). Although CRC-related mortality is declining
due to the improvement of surgical techniques, patient care and more effective therapies, the
global burden of CRC is predicted to rise to 2.2 million new cases and 1.1 million deaths/year by
2030 (206, 207). Colitis-associated cancer (CAC) is the CRC subtype linked to IBD and it
represents around 2% of all diagnosed CRC cases. It usually has poor prognosis since is difficult

to treat and presents high mortality rates (208).

The concept of inflammation driven cancer goes back to 1863, when Rudolph Virchow observed
the presence of a considerable number of immune cells in the tumor microenvironment (209).
The first evidence of colorectal cancer in IBD patients occurred in the mid-1920s, when Crohn
and Rosenberg described the case of a patient with long-term UC that suffered from colonic
adenocarcinoma. Epidemiologic studies in the 60s initially ascribed the higher risk to develop

CRC mostly to UC and not to CD in IBD patients. In fact, it was proposed that UC patients had
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up to a 10 times greater CRC risk when compared to the general population (210). In contrast,
studies could not encounter higher incidence rates in the case of CD (211). Nevertheless, later
studies have claimed that the risk for CRC in CD depends on how compromised the large intestine
is. Different meta-analysis studies have shown that CRC risk increases with disease severity,
extent and duration, reaching up to an 8.3% in CD and 18% in UC, 30 years after the onset of the
disease (212, 213). However, real incidence rates could be lower since the last studies were

carried out at academic centers, which usually treat more severe stages of the disease (214).
12.1. Genetic mutations lead the initiation of CAC

Nowadays it is well known that chronic inflammation can promote carcinogenesis, exemplified by
the connection between bronchitis and IBD with lung cancer and CRC, respectively (215, 216).
In CAC, the inflammatory state that drives the disease development is a result of two main
processes: (i) the persistent release of inflammatory cytokines in the intestinal tissue, which
results in a continuous activation of the NFkB pathway, and (ii) bacterial translocation from the
gut lumen. The inflammatory milieu along with the presence of proinflammatory cytokines,
promote the generation of reactive nitrogen intermediates (RNI) and ROS, leading to epigenetic
changes that result in cumulative mutations in tumor suppressor genes and oncogenes - such as
p53. Indeed, alterations in p53 are considered to be a key early event during the onset of colitis-
associated tumorigenesis. It has been described that p53 mutations take place in approximately
47-85% of colitis-associated cancers (217). Additionally, it has been reported that intestinal
genomic alterations can be driven due to inactivation of mismatch repair enzymes or genomic
instability. All this together, results in the activation of proliferative and pro-survival pathways -
such as NFkB, Wnt/B-catenin, Akt and STAT3 - and the malignant transformation of cancer stem
cells (218, 219).
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Figure 8. Tumor initiation in colitis-associated cancer. ROS and RNI released by the
inflammatory IBD milieu can alter DNA structure and promote the initiation of the CAC. The
production of ROS and RNI can be further increased by cytokines and growth factors released by
premalignant cells, resulting in epigenetic modifications and DNA mutations that lead to cell
proliferation and survival and thus, the promotion of tumor initiation. Figure created with

BioRender.com adapted from (208).

12.2. Mechanisms of immune signaling that lead to tumor promotion and
progression

Once the tumor has been initiated, cell signaling from cancer cells, tissue injury and necrosis
results in the release of inflammatory cytokines that play an important role in cancer promotion to
a higher grade of dysplasia, as they drive the activation of protumorigenic signaling pathways in
cancer cells - such as NF-kB or IL6/STAT3 - that control proliferation, apoptosis, invasiveness or
angiogenesis (220-222). Hereafter, we are going to address some of the more important tumor-

promoting mechanisms.

12.2.1. The NF-kB pathway and its role in tumor initiation and promotion

Nuclear factor-kB (NF-kB) is a pleiotropic transcription factor that possesses an essential function
in coordinating the inflammatory response and it has been proposed to be an important
connection between inflammation and tumor formation. The activation of NF-kB signaling is
usually due to the presence of microbial antigens and proinflammatory cytokines. Once activated,
NFkB promotes the release of so many other proinflammatory molecules - e.g. IL-6 and TNF-a -
that have been linked to IBD and CAC development and promotion. At the same time, activation
of NFKkB can also lead to cell apoptosis inhibition through the release of some protein implicated
in cell survival such as Bcl-xL and Bcl-2 (223). NFkB induction can also promote the release of
mediators that have a role in tumor invasiveness and metastasis like serine proteases, matrix
metalloproteinases and chemokines (224). In colitis-associated cancer, the first hint for the
relevant role of the NF-kB pathway was reported by Greten et al. (225). They showed that deletion
of the NFkB activator molecule IKK-B in the epithelial compartment results in an impaired Bcl-xL
signaling, increased apoptosis and a lower tumor load. In contrast, deletion of IKK-f in the myeloid
compartment resulted in a decreased tumor size together with a diminished expression of
cytokines such as IL-6, TNF-a or IL-1f in a preclinical model of AOM-DSS. Thus, these data
indicate that the activation of NFkB signaling in different cellular compartments participates in
tumor initiation as well as in tumor promotion and progression. Additionally, Shaked et al. (2012)
reported that mice with chronic epithelial NF-kB activation and germ-line impairment of the tumor-
suppressor gene APC (Adenomatous polyposis coli) presented a higher tumor development with
important DNA damage (223). Also, they found out that mice with a constitutively active IKK-3
developed tumors even in the presence of the APC gene (226). Therefore, this data closely
correlates with the previous one and, taken together, point out the central role of NF-kB signaling

in tumor development.
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Figure 9. Mechanisms of colitis-associated cancer development. Chronic inflammation
promotes tumor promotion and progression by activating proliferation and inhibiting apoptosis in
premalignant cells. Also, the continuous presence of proinflammatory cytokines contribute to
genomic instability and mediates the emergence of mutations in important oncogenes and tumor
suppressor genes (first in p53, then in K-ras and at late stages in APC). Figure extracted and
modified from (208).

12.2.2. TNF-a signaling

TNF-a has been proposed to be the one of the principal links between IBD and CAC development
due to its role in maintaining and supporting chronic inflammation in IBD. Despite its nhame
indicating that it is a mediator involved in tumor necrosis, preclinical research using the AOM/DSS
model has shown that TNF-a is actually directly related with the pathogenesis of inflammation-
driven cancer. Concretely, it has been reported that the reduction of TNF-a signaling through
different strategies - such as administration of anti-TNF-a antibodies or through the
impairment/blockade of its receptors - leads to a lower leukocyte infiltration (of neutrophils and
macrophages mainly) and ends with a reduced tumor size and number (227). Additionally, some
studies have shown that after induction of colitis in mouse models, the expression of TNFR2 (one
of the two receptors of TNF-a) is increased (228, 229). This upregulation of TNFR2 in the
AOM/DSS model, in turn, leads to the activation of the NF-kB signalling pathway, which promotes
tumor initiation and progression (228). To highlight the effects of the other receptor of TNF-q,
TNFR1, on tumor development, bone marrow chimera mice were used (227). In this study,
Popivanova and colleagues concluded that the effects of TNFR1on tumor growth were mainly
due to its expression in hematopoietic cells (227). Therefore, while TNFR2 signaling seems to
have an impact in tumor initiation and development through activation of the NF-kB pathway,
TNFR1 signalling in immune cells appers to take part in the tumor-promoting role of inflammation
(230).

12.2.3. IL-6/STAT3 signaling pathway
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Elevated levels of both circulating and mucosal IL-6 are found in IBD patients, and its signalling
in mice models of colitis has been attributed to the development of the disease (231). For that
reason, together with TNF-q, IL-6 is another of the key cytokines involved in CAC pathogenesis.
IL-6 is released by hematopoietic (lymphocytes, monocytes, macrophages), non-hematopoietic
(fibroblasts and endothelial cells) and tumorigenic cells (230) upon activation of NFAT or NF-kB.
Then, soluble IL-6 can bind to its membrane bound IL-6 receptor (IL-6R) or to its soluble form
(sIL-6R), which is released by the TNF-a converting enzyme. Becket and colleagues showed for
the first time that epithelial cancer cells present a downregulation of the IL-6R expression and an
augmented TNF-a converting enzyme activity, and this is also true for cancer cells from patients
with colon cancer (232). For that reason, it was postulated that IL-6 signaling in CAC is mainly
mediated through its soluble receptor (233). This process is called “IL-6 trans-signaling” and
alows IL-6 to act on cells that do not express the membrane-bound receptor. In the same study,
Becker and colleagues specifically blocked this signalling pathway, showing that the tumor-
promoting role of IL-6 singaling was mainly attributed to the sIL-6R in an AOM/DSS model (233).
Later, other groups found that slL-6R-mediated activation of STAT3 in tumorigenic cells
contributed to their proliferation, suggesting the importance of STAT3 in tumor development (234,
235). Since then, a growing number of studies have highlighted the importance of STAT3
signaling in cancer development and, though individual mechanism that lead to its activation have
to be accurately defined, the mounting evidence points out that STAT3 signalling impairment

constitutes an interesting therapeutic target in CAC (222, 236, 237).

12.2.4. The Wnt/B-catenin pathway

As we have seen, the canonical Wnt signaling pathway plays a fundamental role in gut
homeostasis and intestinal development. In CAC, multiple mutations and alterations in the
molecules that are implicated in this signaling pathway are given, driving to a constant activation
of the canonical Wnt/B-catenin pathway and favouring uncontrolled stem cell proliferation. In fact,
deregulation of the Wnt/B-catenin pathway in IBD and colorectal cancer is well documented (238,
239). In absence of Wnt canonical ligands, cytoplasmic -catenin remains forming a complex with
the proteins Axin, APC, the casein kinase 1 (CK1) and the glycogen synthase kinase 3 (GSK3)
and the protein is continuously being ubiquitinated thanks to the phosphorylation of CK1 and
GSKa3. In the presence of a Wnt ligand, a frizzled receptor is activated upon its binding and the
protein complex is disassembled. This allows B-catenin accumulation in the cytoplasm and the
translocation to the nucleus, where it forms complexes with TCF/LEF and activates the expression
of target genes such as Lgr5, c-myc or cyclin D1 (240). Then, constitutive activation of this
pathway leads to excessive stem cell proliferation and fosters cell tumorigenesis. Although the
activation of the B-catenin pathway is mainly promoted by APC gene mutations in the early stages
of CRC development (241, 242), in CAC, mutations in the APC gene are rarely given at that time
(they are more likely to happen in later phases of tumor development). However, nuclear Wnt/3-

catenin accumulation is found at early phases of CAC development due to mutations in other
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components of the pathway (243) and through the signaling of NFkB and STAT3 (among others)
(217).

ON
LRP Frizzled

Figure 10. The B-catenin signaling pathway. Right after wnt binding to a frizzled receptor, the
protein complex that B-catenin forms in the cytoplasm with Axin,CK1a, APC and GSK-3 B is
dissociated and B-catenin is now able to migrate to the nucleus, where it accumulates and
promotes the transcriptions of target genes. Figure adapted from “Wnt Beta-Catenin Signaling

Pathway”, by BioRender.com (2022). Retrieved from https://app.biorender.com/biorender-
templates

12.2.5. COX-2/PGE. pathway

Cytokines such as TNF-a can upregulate COX-2 expression in an NF-kB-dependent way ((244)).
The first evidence linking COX-2 to carcinogenesis came from CRC studies in patients (245) and
subsequently confirmed in mouse models. Deletion of the COX-2 gene in Apc mutant rodent
models resulted in an important decrease in tumor formation (246, 247). Additionally, mice
overexpressing COX-2 did not develop colorectal cancer spontaneously but after AOM
administration presented a superior tumor load in comparison with the control group (248). The
importance of COX-2 signaling in CRC development has been confirmed by population-based
studies that show a lower risk of CRC in patients that daily consume non-steroidal anti-
inflammatory drugs (NSAIDs) (249). Actually, the beneficial use of NSAIDs has been attributed,
in part, through inhibition of PGE: release, the production of PGE2 by COX-2 enhances [3-catenin
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activity (250, 251). Other COX-2 mechanisms that promote tumor progression are( i) the inhibition
of apoptosis via the PI3K-AKT signaling pathway (250) and (ii) the promotion of angiogenesis by
the induction of bFGF (basic fibroblast growth factor) and VEGF (vascular endothelial growth

factor) release (252) and (iii) by increasing the expression of IL-23 in myeloid cells (253).

12.2.6. Th17 signaling

Other important mediators related to CAC pathogenesis are the cytokines released by Th17
lymphocytes, an important arm of the adaptive immune system during IBD. Although Th17 cells
are implicated in the antibacterial response, the release of their associated proinflammatory
cytokines such as IL17A, IL17F, IL21 and IL22 has been linked to tumor development (254).
Langowski et al provided the first evident that Th17 cells have a role in tumor progression. In a
mouse model of cutaneous tumor, they showed that mice lacking IL-23p19 expression - a cytokine
that is involved in the differentiation process of Th17 lymphocytes - presented increased
resintance to tumor development (255). That study manifests the importance of IL-23 and IL-23
signaling in tumor development and the possible link with Th17 cell signaling. Importantly,
Grivennikov et al. reported that IL-23 signaling is principally found in tumoral myeloid cells likely
to be activated by commensal bacteria (256) and its expression has been found to be increased
in human colorectal tumors, increasing neutrophil and macrophage infiltration (257). In
accordance with the later, the treatment with anti-IL17A antibodies or disruption of the il-17a gene
in mice models of chemically induced/DSS colorectal cancer resulted in a reduced tumor
development (258, 259). Equivalent results have been obtained targeting the other members of
the Th17 family (65, 66). Because the tumor reduction was associated with a decrease in the
levels of proinflammatory cytokines, it was hypothesised that Th17 cells contribute to tumor
formation through providing a proinflammatory microenvironment that activates tumor promoting
pathways. In fact, IL-22 signaling has been linked with the activation of STAT3 signaling in

intestinal epithelial cells in mice and humans (260, 261).

13. ENDOGENOUS IMCS AND COLORECTAL CANCER

Tumours are regarded as chronic injuries which, apart from cancer cells (the parenchyma),
contain vascular endothelial cells, cancer-associated fibroblasts (CAFs), immune cells and a
complex extracellular matrix (the stroma) (262). The stroma supports and promotes tumor
development/metastases, and a high stroma/parenchyma ratio is associated with a poor
prognosis in sporadic CRC (263). In CRC, several iMCs subpopulations, including myofibroblasts,
fibroblasts, local and bone marrow (BM)-derived MSCs and smooth muscle cells differentiate into

CAFs and participate in tumor development (46).

Several animal models have been developed that recapitulate the etiology and pathobiology of
human CRC, including the initiation, promotion and progression of the tumors. As has been shown

above, the AOM/DSS-model is ideal to analyze the mechanisms/genetics behind the initiation,
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promotion, and progression of inflammation-induced CRC, and for the evaluation of
genoprotective, and anti-inflammatory treatments (264). The administration of the genotoxic AOM
is followed by one or more DSS cycles is a relatively rapid and robust rodent CAC model that
mimics several aspects of inflammation-induced CRC tumors in humans, including location,
polypoid-like growth, and dysregulation of the Kras and B-catenin/c-Myc pathways, elevated
levels of the enzymes COX-2 and iINOS, and dense immune cell infiltration (264-267). In contrast,

when tumors are induced by AOM, metastasis is hardly ever seen in wild-type animals (264).
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Figure 11. Gene mutations and altered expression of proteins in colon carcinogenesis
induced by AOM/DSS. Figure adapted from (266)

Several molecules and pathways in iMCs have been implicated in susceptibility to AOM/DSS-
induced CAC, including IKKB which promotes the protumorigenic IL-6/STAT3 axis (268),
MAPKAPK2/HSP27 which promotes epithelial proliferation and angiogenesis (269), and MyD88
which enhances CAC by promoting an M2 macrophage polarization (270). In contrast, Hamilton
et al., showed that loss of Igf2 mRNA binding protein 1 (IMP1) in iMCs increased tumor numbers
and size in the AOM/DSS model (271). However, this was due to the importance of IMP1 in the
production of tumor promoting factors, including hepatocyte growth factor. These data suggest
that targeting protumorigenic pathways in iMCs could emerge as an effective cancer treatment.
Importantly, unlike tumor cells, iMCs within the TME are genetically stable, and thus represent an

attractive therapeutic target with reduced risk of resistance and tumor recurrence.

14. INJECTION OF IN VITRO EXPANDED MSC AND COLORECTAL CANCER

As previously mentioned, both endogenous and in vitro expanded MSCs can migrate to tumors
and promote angiogenesis (272), tumor growth (273), and metastases (274, 275). However,

MSCs have also been demonstrated to exert antitumorigenic effects in vivo, inducing tumor cell
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death (276, 277). At the same time, MSCs have successfully ameliorated IBD severity in clinical
trials (278);(33, 279), and have been approved by the FDA, the European Medicines Agency, and
recently the Japan Ministry of Health, Labour and Welfare for the local treatment of complex
perianal anal fistulas in Crohn’s disease patients. Since IBD patients do have a higher risk of
suffering from CAC, it is important to understand the protumorigenic effects of MSCs before
administering them to patients. Yet, few studies have analyzed the effects of MSCs on

inflammation-induced tumorigenesis.

Using the AOM/DSS model CAC, Nasuno et al.,, showed that intravenous administration of
syngeneic bone marrow (BM)-derived MSCs simultaneously with the AOM injection (before DSS-
treatment) significantly reduced the average tumor number in Lewis rats (280). MSC-treated rats
showed lower levels of O6-MeG DNA adducts and prevented the dysregulation of the WNT
pathway, suggesting an inhibition of tumor initiation. However, delaying the BM-MSCs
administration until the first round of DSS colitis did not significantly reduce tumor burden. In
contrast, Chen et al., (281) and Tang (282) showed that systemic administration of allogeneic
BM-MSCs and human umbilical cord-derived MSCs during the first and second DSS-treatments
significantly reduced CAC in C57BL/6 mice, decreasing the levels of proinflammatory cytokines
(TNF-q, IL-6 and IL-18) and inducing Foxp3* Tregs in the colon, respectively. It is well known that
IFN-y and TNF-a increase the immunomodulatory capacity of MSCs, and their ameliorating effect
on colitis (283). Surprisingly, Hu and colleagues recently showed that TNF-a/IFN-y-prestimulated
iMSCs, injected during the DSS-phase, promoted tumor number/size in the AOM/DSS model
(284). The low number of studies and contrasting data warrants further studies on the effect of
MSCs, from different tissues, on CAC.

15. IMCs AND MICROBIOTA IN IBD AND CAC

Hitherto, numerous studies have investigated the interactions between the microbiome and the
immune system. However, little attention has been directed at the intestinal stroma, especially on
the interplay between the normal or unbalanced microbiota and iMC subpopulations in health and
disease and several interesting areas remain to be explored. Also, whether there is a correlation
between the dysbiosis (phyla, genus, species of bacteria) found in IBD and CRC and iMCs

function (proinflammatory vs. homeostatic) is not known.

As discussed in section above, iMCs express TLRs and NLRs and respond to bacteria, potentially
acting as “non-professional innate immune cells”. However, the majority of studies have analyzed
iMC-microbiota interactions in vitro and the effects of normal or dysbiotic microbiota on iMC
phenotype and function in vivo has hardly been addressed. In 2014, Beswick et al. found that
CD90* iMCs, via TLR4-induced PD-L1 expression, could promote mucosal immune tolerance
(285). In addition, Ciorba et al. found that the probiotic Lactobacillus rhamnosus GG (LGG), via
TLR2-induced COX-2/PGE2 expression by iMSCs, could protect against radiation-induced
intestinal epithelial damage. Later on, in 2018, they discovered the mechanism of action behind
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(10.1136/gutjnl-2011-300367). LGG promotes lipoteichoic acid production and binding to TLR2
on pericryptal macrophages, inducing the release of CXCL12 chemokine which in turn binds to
CXCRA4 receptor on COX-2 expressing iMSCs. This promotes their migration next to the epithelial
stem cell niche (286). Considering the ability of the microbiota to reprogram the function of
intestinal epithelial cells, it is of particular interest to analyze if the microbiota or their metabolites
can “educate” or change the iIMC composition in the gut. However, most studies of microbiota
imprinting of the immune system have driven their attention on haematopoietic cells. Interestingly
Zawair et al., reported that human fetal myofibroblasts possess a more inflammatory phenotype
than those isolated from infants, perhaps indicating that acquisition of the microbiota at birth may
dampen iMC activity (287). The mechanisms and pathways underlying these effects are largely
unknown. However, microbial signals are required for RALDH activity and retinoic acid production
in iIMCs so this pathway might make a contribution (288). Furthermore, SCFA produced by
microbiota diminish MMPs and chemokine production by cytokine stimulated myofibroblast in vitro
(103, 289). This suggests that regulation of iIMCs by microbial mediators may contribute to
preserving a tolerogenic atmosphere in the healthy intestine. Additionally, microbial SCFA
together with urolithins have been found to modulate human myofibroblasts prostaglandin
synthesis in vitro. Therefore, microbiota could contribute to how iIMCs modulate mucus production
epithelial function and in vivo (290, 291). Also, there is emerging evidence suggesting that
microbiota could influence iMC-mediated pathologies. For example, it is known that
overexpression of tumor necrosis factor-like cytokine 1A (TL1A) leads to the induction of intestinal
fibrosis. In the absence of resident microbiota, fibroblasts from germ-free mice exhibit impaired
collagen production and migration in response to TL1A or bacterial products (292). Thus,
microbial priming of iIMC may condition their response to concrete stimuli, promoting their switch

from a pro-inflammatory state to a more tolerogenic one.

Another area of interest is the understanding how the composition of the microbiota in the gut is
shaped by the host at different anatomical locations. Curiously, recent data suggest that certain
iMCs in the gut-associated lymphoid tissues regulate bacteria-specific IgA production and the
diversity of the gut microbiota (293). In fact, in vitro cultures of BM-MSCs exhibit anti-fungal and
bactericidal properties through secretion of antimicrobial peptides like LL-37(294), depletion of
extracellular tryptophan (295) and IL-17 production (296). However, whether iMCs, in general or

specific subpopulations, play a direct role in shaping the gut microbiota is currently unknown.

In CRC, both in humans and in experimental models, some bacteria are consistently increased
(including Fusobacteria, Alistipes, Porphyromonadaceae, Coriobacteridae, Staphylococcaceae,
Akkermansia spp. and Methanobacteriales), whereas others are reduced (Bifidobacterium,
Lactobacillus, Ruminococcus, Faecalibacterium spp., Roseburia and Treponema) (297). The
bacteria most positively associated with tumor presence are Gram-negative, such as Bacteroides,
Parabacteroides, Alistipes and Akkermansia, whereas Gram-positive Clostridiales, including

multiple members of Clostridium group XIVa, are negatively correlated with tumor development
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(298). Dysbiosis may cause disease by promoting inflammation, modulating cellular signaling,
changing the immune responses, increasing the production of exotoxins that interact with the

mucosa, and promoting the formation of carcinogens from dietary elements and xenobiotics.
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HYPOTHESIS

Intestinal mesenchymal cells play important roles in intestinal homeostasis through their
interactions with the epithelium, immune system and intestinal microbiota. Due to their ambiguous
role in intestinal inflammation during IBD and in the initiation, promotion, and progression of colitis-
induced cancer, a further analysis of their capacity to promote epithelial repair and regulate
immune/inflammatory responses is of great importance when designing new therapies for

intestinal inflammatory diseases and cancer.

AIMS

1. lIsolation and characterization of the immunomodulatory, and tissue regenerative
properties of iMSCs in vitro.

2. Analysis of the effect of IMSC administration on DSS-induced acute colitis in mice:
evaluation of disease severity, immune responses, tissue regeneration and dysbiosis

3. Analysis of the effect of iIMSC administration on cancer progression in a model of colitis-
associated cancer: evaluation of tumor growth, immune responses, and CAC-induced

dysbiosis.
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MATERIALS AND METHODS

1. ISOLATION, CULTURE AND CHARACTERIZATION OF MSCS FROM HUMAN
INTESTINAL TISSUE

1.1. Handling and processing of intestinal resections

Intestinal resections were obtained from patients who signed the corresponding informed written
consent before undergoing surgery in Hospital Virgen de las Nieves (Granada, Spain). These
patients had been previously admitted for bowel resection because of malignant conditions,
including colon cancer, benign polyps and diverticulitis. IMSCs were isolated from non-comprised

tissue (i.e. tissue that distances a minimum of 5 cm from the affected area).

Freshly isolated intestinal resections were washed thrice with sterile PBS supplemented with 2%
penicillin/streptomycin to remove debris, stools, and erythrocytes. The tissue was weighed, cut
into 0.5 cm pieces and resuspended in 15 mL of HBSS (4-5 mg tissue/mL) without calcium and
magnesium (Lonza, Basel, Switzerland, Cat.#BE10-543F) supplemented with 1mM dithiothreitol
(DTT), 5mM EDTA, 2% penicillin/streptomycin, 2% amphotericin B, 25 pg/mL of gentamycin and
10 mM HEPES. The tissue was incubated for 30 min at 37°C in a shaking water-bath (~150 rpm)
to remove intestinal epithelial cells. Next, the supernatant was discarded and the tissue was
washed vigorously 3-4 times in sterile PBS to remove as much EDTA as possible, due to its
inhibitory effect on collagenase activity. Tissue pieces were then collected and minced into 2-3
mm fragments, facilitating the following tissue-dissociation step. After that, tissue pieces were
resuspended in 15 mL of DMEM Advanced (Gibco, ThermoFisher Scientific, Waltham, MA, USA,
Cat.# 12491-023) containing 400 U/mL DNase (Sigma-Aldrich, Spain, Cat.#DN25), 500 U/mL
collagenase type IV (Sigma-Aldrich, Spain, Cat.#C5138), 0.09 U/mL dispase Il (Roche Applied
System, Germany, Cat.#04942078001), 2% penicillin/streptomycin (Lonza, Basel, Switzerland
Cat.#DE17-602E), 2% amphotericin B (Sigma-Aldrich, Cat.#A2942), 25 ug/mL of gentamycin, 10
mM HEPES and 0.36 mM CacClz, and incubated for 60-90 minutes at 37°C in a shaking water-
bath (~150 rpm). The digest was washed thrice with cold PBS containing 2 mM EDTA and filtered
through a 70 um and a 100 ym nylon mesh. Finally, cells were resuspended in complete DMEM
Advanced containing 10% fetal bovine serum, 2 mM Ultraglutamine (Lonza, Basel, Switzerland),
2% penicillin/streptomycin, 2% amphotericin B and 25 pg/mL of gentamycin, and cultured at 37°C

and 5% CO:z (this media was used until passage 1).

After 24 hours, three 1x sterile PBS washes were carried out to remove non-adherent cells and
debris. This step was repeated every 2-3 days until obtaining a pure MSC culture with a fibroblast-
like morphology. Usually, isolated cells covered 90% of the culture surface after 10 days post

isolation.
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Figure 12.. Mechanical isolation of mucosa from intestinal human resections. A) Intestinal
colonic resection without mesenteric fat. B) Longitudinally opened tissue section with mucosa
facing upwards C) Weighed mucosal sections obtained from the later sample and D) intestinal

resection after mucosa excision.
1.2. iMSCs maintenance and culture

Cells were maintained at 37°C and 5% of CO:z in a Galaxy R+ incubator (RSBiotech). Cell handling
was carried out in a sterile laminar flow cabinet and media exchange was performed every 3-4
days. The media used was complete DMEM Advanced (Gibco, ThermoFisher Scientific,
Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS) previously heated up to
56°C for 30 minutes and filtered (Gibco, ThermoFisher Scientific, Waltham, MA, USA, Cat.#
10270-106), 2 mM Ultraglutamine (Lonza, Basel, Switzerland), 1% penicillin/streptomycin (Lonza,

Basel, Switzerland) and 1% amphotericin B (Sigma).

When cultured cells reached 90% confluence, they were divided (usually in a 1:2-1:3 dilution) or
stored in liquid nitrogen in freezing media (95%FBS, 5% DMSO). First, cells were washed with
1x PBS and then detached from the flask surface with TrypLE (ThermoFisher Scientific, Waltham,
MA, USA). After 5 min at 37°C, cells in suspension were neutralized with FBS containing media
and pelleted at 300 x g for 5 minutes at room temperature. Then, supernatant was discarded, cell
quantification performed and iMSCs resuspended in an appropriate volume. All iIMSCs were used

at passages 1 to 8.
1.3. Colony forming units-fibroblast (CFU-F) assay

CFU-F assay was carried out as previously described by Pochampally (299). Briefly, cells were
detached and filtered through a 70 ym nylon mesh to avoid cell aggregates. Then, cells were
pelleted and counted and 1000 iMSCs were plated in 6-well plates in complete DMEM Advanced.
Culture medium was replaced every 3-4 days. After 12 days, cells were washed with PBS, fixed
at room temperature in pure ethanol (20 minutes) and stained with 1% crystal violet (1 minute).
After that, crystal violet was removed and running tap water was used to eliminate remaining

crystal violet. Resulting colonies were stained in purple and observed under a stereomicroscope.
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1.4. iIMSCs differentiation capacity
1.4.1. Adipogenic differentiation and Oil Red O staining

For adipogenic differentiation 4000 cells/cm? were seeded into 6-well plates. Cellular
differentiation was induced using a specific medium (Table 3). In parallel, cells maintained in
complete DMEM Advanced were used as negative differentiation controls. Culture medium was

replaced every 3-4 days.

Components Concentration Reference Company

DMEM (1g/L glucose) - L0066-500 Biowest
FBS 10% (v/v) 10270-106 Gibco
Penicillin/Streptomycin 1% (viv) H3DE17-602E Lonza
Insulin 1% (viv) 10516 Sigma
Indomethacin 0.2 mM 17378 Sigma
Dexamethasone 0.1 uM D4902 Sigma
IBMX 0.05 mM 15879 Sigma

Table 3. Culture media composition used in adipogenic differentiation

After 4 weeks, cellular differentiation was assessed via morphological examination of the cellular
accumulation of lipid droplets by Oil red O staining assay. For this purpose, cells were washed
with PBS and fixed for 20 minutes with 4% PFA. Subsequently, cells were washed with sterile
distilled water and then with 60% isopropanol. Then, cells were incubated with Oil Red O working
solution for 5-10 minutes at room temperature. After that, wells were washed with running tap

water and imaged using a light microscope.

1.4.2. Osteogenic differentiation and Alizarin Red S staining

For osteogenic differentiation iIMSCs at a density of 3.000 cells/cm? were plated into 6-well plates.
Cellular differentiation was obtained using a specific medium (Table 4). Cells grown in complete
DMEM Advanced were used as negative differentiation controls. Culture medium was replaced

every 3-4 days.

Components Concentration Reference Company
DMEM (1g/L glucose) - L0066-500 Biowest
FBS 10 % (v/v) 10270-106 Gibco
B-glycerophosphate 10 mM 50020 Sigma
Penicillin/Streptomycin 1% (viv) H3DE17-602E Lonza
Dexamethasone 0.1 yM D4902 Sigma
Ascorbic acid 0.05 mM 49752 Sigma

Table 4. Culture media composition used in osteogenic differentiation

After 4 weeks, the presence of calcific depositions by cells was assessed with Alizarin Red S. For
this purpose, cells were washed with PBS, fixed for 20 minutes with 4% PFA and washed again
with sterile distilled water. Subsequently, cells were incubated for 20 minutes with 40 mM, Alizarin
Red S working solution (pH 4.1-4.3, Cat.# 1.06278, Merck Millipore, Spain), after which they were

washed thrice with distilled water and observed under a light microscope.
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1.4.3. Chondrogenic differentiation and Alcian blue staining

A celular pellet of 2:105 iIMSCs was placed in a 15 mL tube with 3 mL of differentiation medium

(Table 5). Culture medium was replaced every 3-4 days during 4 weeks.

Components Concentration Reference Company
DMEM (4.5 g/L glucose) - BE12-709F Lonza
Penicillin/Streptomycin 1% (viv) H3DE17-602E Lonza
Dexamethasone 0.1 uyM D4902 Sigma
Ascorbic acid 0.05 mM 49752 Sigma
Insulin-transferrin-selenium 10% 41400-045 Gibco
TGF-33 10 ng/mL 100-36E Peprotech

Table 5. Culture media composition used in chondrogenic differentiation

After this period, spheroids were fixed with 4% PFA, dehydrated in serial higher concentrations
of ethanol and then, embedded in paraffin. After that, paraffin blocks were stored at 4°C (to ease
sectioning) and then cut into 3 pym sections and placed in microscope slides (Marienfeld superior,
Cat.# 810000). Then, sections were deparaffinized, hydrated and stained with alcian blue 8GX
(pH 2.5) for 20 minutes, which stains extracellular matrix proteoglycans. Finally, sections were
clarified in xylene (Casa Alvarez, Spain) (two incubations of 5 minutes/each) and mounted with

DPX mounting media (Casa Alvarez, Spain).

1.5. Immunophenotypic characterization of iMSCs

1.5.1. Flow cytometry

iIMSCs at passage number 2-3 and later on at passage number 7-8 were harvested using TrypLE
(ThermoFisher Scientific, Waltham, MA, USA), washed with PBS and incubated (20000-30000
cells/staining) with 7-aminoactinomycin D (7-AAD) (Nalgene, Nalgen Nunc International
Corporation, Rochester, NY, USA) or fixable live/dead stain Zombie Aqua (Bioegend, San Diego,.
CA, USA) on PBS for 15 minutes at 4°C. Cells were subsequently stained with combinations of
the antibodies shown in Table X diluted in FACs buffer (0.1%Bovine Serum Albumin (BSA) and
2mM EDTA.) for 30 minutes at 4°C. Corresponding isotype antibodies were used to evaluate
background staining. Compensation controls were prepared using OneComp eBeads™
(eBioscience, ThermoFisher Scientific, Waltham, MA, USA). Data was acquired using either the
BD FACSCanto™ |l flow cytometer or BD FACSAria™ lllu cell sorter (BD Biosciences, San Diego,
CA, USA) and analyzed using the Flowjo v10.6.2 software (FlowJo LLC, Ashland, OR, USA).

Marker Fluorochrome Reference Company
CD45 APC 17-9459-42 Invitrogen
CD73 PE 12-0739-42 Invitrogen
CD90 FITC 11-0909-42 Invitrogen
CD105 PE-Cy7 17-1057-42 Invitrogen
CD31 FITC 303103 BD Biosciences
EpCAM PerCP-Cy5.5 347199 BD Biosciences
CD34 APC 343607 BioLegend
PD-L1(CD274) PE 557924 BD Biosciences
7-AAD = PerCP-Cy5.5 00-6993-50 Invitrogen
L/D Zombie aqua™ = BV510 423101 BioLegend

Table 6. Antibody list used for immunophenotypic characterization of iMSCs
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1.5.2. Inmunocytochemistry

iIMSCs were detached, seeded in a Nunc Lab-Tek Chamber slide™ (Sigma-Aldrich, Cat.#C7182)
and maintained at 37°C, 5% CO:2 until they reached 70-80% of confluence. At this point, they were
fixed in 4% paraformaldehyde in PBS (pH 7.4) for 15 minutes at room temperature and washed
thrice with 1x PBS. Then, fixed cells were permeabilized and blocked with a 0.1% saponin, 1%
BSA solution for 1 hour. Then, vimentin unconjugated primary antibody (Cat.# ab92547 Abcam,
Cambridge, UK, dilution 1:200,) was incubated at 4°C overnight. Excess antibody was eliminated
through three gentle washes with 1x PBS. After that, incubation with goat anti-rabbit IgG H&L
(Alexa Fluor 488 Cat.# ab150077, dilution 1:1000) secondary antibody was performed for 2 hours.
Anti-rabbit 19G isotype control (catalog# 02-6102, Invitrogen, ThermoFisher Scientific, Waltham,
MA, USA) was used as negative control. Excess secondary antibody was washed away and
nuclei stained with Hoechst 33342 (Invitrogen, ThermoFisher Scientific, Waltham, MA, USA).
Finally, the chamber gasket was removed and the resulting slide mounted with ProLong™ glass
antifade mountant (Invitrogen, ThermoFisher Scientific, USA) and a 1.5 mm coverslip. Samples

were visualized in a Nikon eclipse Ni-U epifluorescence microscope.

2. IN VITRO EXPERIMENTS

2.1. Effect of iMSCs on T cell proliferation

2.1.1. iMSCs cycle arrest with mitomycin C

iIMSCs were harvested and viable cells counted with a hemocytometer and 0.5% alcian blue. After
that, cells were resuspended (105 to 10° cells) in 500 uL of sterile PBS containing 50 pug/mL of
mitomycin C (Sigma-Aldrich, Spain, Cat.#M4287) in a 15 mL tube. Then, cells were incubated at
37°C for 20 minutes out of light. By this stage, cells were washed twice with tempered complete
DMEM Advanced and supernatant discarded. Cells were counted again and plated at 5,000,
10,000 and 20,000 cells/well in triplicate in flat bottomed 96-well plates. The day after, cells were

used to evaluate their effect in T cell proliferation.

In the case of prestimulated iIMSCs, after seeding cells were subsequently cultured with 3 ng/mL
TNF-a (Peprotech EC Ltd, London, UK) and 10 ng/mL IFN-y (Peprotech EC Ltd, London, UK) for

24 hours. Unstimulated cells were used as negative control.

2.1.2. PBMCs isolation from peripheral blood and T cell suppression assay

Peripheral blood mononuclear cells (PBMCs) from healthy donors were isolated from 25-30 mL
of blood. Blood was diluted 1:4 with PBS and carefully layered above half volume of room
temperature Lymphoprep™ (StemCell Technologies, Vancouver, Canada). Then, tubes were
centrifuged at 400 x g for 40 minutes at room temperature in a program set up with no acceleration
or deceleration. Buffy coats were then collected with a sterile pasteur pipette and washed three
times with PBS (300 x g for 15 min).
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The resultant cellular pellet was then quickly labelled with 1 uM carboxyfluorescein succinimidyl
ester (CFSE) (Sigma-Aldrich, Madrid, Spain) and then incubated at 37°C for 12 minutes out of
light. At this point, the CFSE signal was quenched with 14 mL of prewarmed PBS containing 5%
FBS for 20 minutes at 37°C. After that, cells were counted and 200,000 PBMCs seeded on top of
the different concentrations of iMSCs (any in the case of controls). Then, 2.5 yg/mL of the T cell
mitogen phytohemagglutinin-L (PHA-L) (eBioscience, ThermoFisher Scientific, Waltham, MA,
USA) were added to the iMSC-PBMC cocultures. CFSE labelled PBMCs in the presence or not
of PHA-L were used as positive and negative controls, respectively. In some experiments, 1-
methyl tryptophan ((1-MT); 1 mM, Sigma-Aldrich, Madrid, Spain) or indomethacin (20 uM, Sigma-
Aldrich, Madrid, Spain) were added to the cocultures. In all cases, the final well volume was
adjusted to be the same in every different condition.

On day 6, supernatants were collected and PBMCs carefully harvested and stained with anti-
CD4-PE (BD Biosciences, Madrid, Spain), anti-CD3-APC (BioLegend, San Diego, CA, USA) and
Zombie Aqua™ (BioLegend, San Diego, CA, USA) as viability dye. Labelled cells were acquired
on a BD FACSAria™ lllu cell sorter (BD Biosciences, Madrid, Spain) and the cell division
(proliferation index based on CFSE signal intensity) of CD4* and CD8* (CD3*CD4") T cells was
analyzed using the FlowJo v10.6.2 software (FlowJo LLC; Becton, Dickinson and Company,
Franklin Lakes, NJ, USA).

2.1.3. Detection of indoleamine 2,3-dioxygenase activity by UHPLC-MS/MS in
conditioned PBMC:iMSC supernants

IDO activity was evaluated by quantifying tryptophan and L-kynurenine concentrations in
supernatants from the PBMC:iMSC-cultures on day 6 by UHPLC-MS/MS. All chemicals used for
quantification were of analytical HPLC-MS grade. Water was obtained by purification with a Milli-
Q system from Millipore (Bedford, MA, USA). Formic acid and acetonitrile for mobile phases were

purchased from Scharlab (Barcelona, Spain).

UHPLC-MS/MS analysis was performed on a Waters Acquity UPLC™ H-Class from Waters
(Manchester, UK). A Xevo TQS tandem quadrupole mass spectrometer (Waters) equipped with
an orthogonal Z-spray™ electrospray ionization (ESI) source was used for tryptophan and L-
kynurenine detection. Separation of compounds was obtained with a BEH (Ethylene Bridged
Hybrid) column C18 50*2.7 mm 1.7 um particle size (Waters, UK). The compounds were
separated using a gradient mobile phase consisting of solvent A (LC—MS grade water plus 0.1%
of formic acid) and solvent B (LC—MS grade acetonitrile plus 0.1% formic acid). Thus, the elution
program was a multi-step linear gradient at a flow rate of 0.55 mL/minute. Gradient conditions
were: 0.0-3.0 minutes 1% phase B; 3.0-5.0 minutes, 10-25% phase B; 5.0-7.0 minutes, 25-90%
phase B and back to 1% in 0.1 minutes. Total run time was 11.0 minutes. The injection volume

was 10 yL and the column temperature was maintained at 45°C.
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For mass spectrometric analysis, ES| was performed in positive ion mode. The tandem mass
spectrometer was operated in the multiple reactions monitoring (MRM) mode. Instrument
parameters were as follows: capillary voltage, 2.00 kV; source temperature, 150°C; desolvation
temperature, 600°C; cone gas flow, 150 L/h; desolvation gas flow, 1000 L/h; collision gas flow,
0.15 mL/minute, and nebulizer gas flow, 7.0 bar. Dwell time was set at 25 ms. Collision energies

and cone voltages were optimized for both analytes.

In order to quantify the individual content of the analytes, two calibration curves were prepared
using tryptophan and L-kynurenine commercial standards (Sigma-Aldrich, Madrid, Spain).
Concentrations were determined by interpolation in the corresponding calibration curve using the
peak area. MassLynx 4.1 software was used for instrument control, peak detection and

integration.
2.2. Effect of IMSCs and their conditioned media in THP-1 cells

In order to prepare conditioned media for this experiment and the following ones, iMSCs from four
unrelated donors were seeded in 24-well plates at a density of 50,000 cells/mL. Once they
reached confluence, the medium was replaced with fresh basal medium and incubated for 48
hours at 37°C and 5% CO2. The conditioned media (iIMSC-CM) were harvested, centrifuged at

500 x g and stored at -20°C in aliquots until use.

The human monocytic cell line THP-1 was obtained from Centre for Scientific Instrumentation
(University of Granada, Granada, Spain), maintained in complete RPMI 1640 (Gibco;
Thermofisher Scientific, Waltham, MA, USA) supplemented with 0.05 mM B-mercaptoethanol
(Sigma-Aldrich, Madrid, Spain) and incubated at 37°C in a humidified atmosphere containing 5%
CO:a. Cell cultures were maintained at a density ranging from 200000 to 900000 cells/mL. For co-
culture experiments, THP-1 cells were first differentiated into adherent macrophages with 50
ng/mL of PMA (Sigma-Aldrich, Madrid, Spain) in 24-well plates (250000 cells/mL). After 48 hours,
iMSCs (10,0000 cells) or iIMSC-CM were added to the adherent THP-1 macrophages. 48 hours
later, cells were stimulated with 1 ug/mL LPS (Sigma-Aldrich, Madrid, Spain) for 24 hours. Then,

supernatants were collected for cytokine determination by ELISA.
2.3. Scratch wound healing assay

Normal Colonic Mucosa (NCM)-356 human epithelial cells were kindly provided by Laura
Medrano Gonzalez and Ezra Aksoy (William Harvey Research Institute, Queen Mary University
of London, London, UK). Cells were cultured in DMEM Advanced supplemented with 10% heat
inactivated FBS, 1% pen/strep 1% amphotericin B (Sigma-Aldrich, Madrid, Spain) and 2mM
ultraglutamine (Lonza, Basel, Switzerland). Cells were seeded onto 6-well plates at a density of
150000 cells/mL and grown until confluence. When cultures reached confluence, monolayers
were scraped in straight lines. For this purpose, 200 uL pipette tips coupled to a vacuum system
were used in order to create scratch wounds of homogenous width. After a wash with prewarmed

PBS, cells were cultured in control or conditioned media, both diluted 1:1 with fresh basal medium.
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To track the scratch-wound closure, the scratches were observed by an Olympus-CKX41 inverted
microscope (Olympus Europa SE & Co. KG, Germany) and equivalent photos were taken at 0,
24 and 48 hours. Finally, the scratched area was measured using the Imaged software (Free
Software Foundation Inc., Boston, MA, USA). These experiments were performed with iMSC-CM
from iIMSCs of 4 different donors.

2.4. iMSCs stimulation with TNF-a and IFN-y — time course

To analyze the effect of proinflammatory cytokines on the expression of immunomodulatory
mediators by iMSCs, cells isolated from three different donors were cultured with TNF-a (3 ng/ml,
Peprotech EC Ltd, London, UK) and IFN-y (10 ng/mL, Peprotech EC Ltd, UK) for 1, 2, 6 and 24
hours. For negative controls, basal media without any stimuli was used. At the indicated time
points, supernatant was aspirated, cells washed with 1x sterile PBS and RNA isolated as

indicated in section 3.7.1.
2.5. Preparation of iMSCs for in vivo administration

iMSCs were grown in complete DMEM Advanced in T-75 flasks until 90-100% confluence. At this
point, cells were detached with TrypLE (Gibco, invitrogen) for 5 minutes at 37°C, followed by
neutralization using media containing 10% FBS. Cells were quantified using a hemocytometer,
centrifuged at 300 xg for 5 minutes at room temperature and resuspended in sterile PBS at a
concentration of 2.5x10% or 5x105 cells per 100 pL (depending on the experiment). This
preparation was maintained at 4°C until immediately IP injection with 1 mL insulin syringes and
23G needles.

3. ASSESSMENT OF THE INTESTINAL INFLAMMATORY PROCESS AND TUMOR
DEVELOPMENT

All animal studies were carried out in accordance with the “Guide for the Care and Use of
Laboratory Animals” as promulgated by the National Institute of Health and the protocols
approved by the Ethic Committee of Laboratory Animals of the University of Granada (Spain)
(CEEA 17/09/2019/156). All the animals were housed in makrolon cages, maintained in an air-
conditioned atmosphere with a 12 hour light-dark cycle and provided with free access to tap water

and food.
3.1. Induction of colitis with dextran sulfate sodium (DSS)

Acute colitis was induced in male C57BL/6J mice (7-9 weeks old) (Charles River, Barcelona,
Spain) by adding 3% DSS (36-50 KDa, MP Biomedicals, Santa Ana, CA, USA) from day 0 to day
4 in the drinking water. On day 1, mice were injected intraperitoneally (i.p) with 1 x 10 human
iMSCs in 200 uL of sterile PBS. The control and DSS groups received i.p. injections of 200 pL
sterile 1 x PBS. Mice were euthanized on day 6. Disease activity index (DAI) was assessed daily

as described in section 3.2. Once the animals were euthanized on day 6, the colons were
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aseptically removed, rinsed with PBS, weighed, and its length was measured under a constant
load (2 g). The colonic tissue was then sectioned in different fragments for subsequent histological
and immunological evaluation. Spleens were weighted and blood drained to evaluate intestinal

permeability (see section 3.3.).
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Figure 13. Experimental design of DSS acute colitis induction. Image created with

BioRender.com
3.2. Determination of DAI in DSS induced colitis

The disease activity index (scale 0-4) was determined by evaluating weight loss, stool
consistency, and presence of fecal blood in each mouse. A score was assigned to each one of

these parameters according to the criteria previously proposed (300).

Score Weight loss Stool consistency Rectal bleeding
0 None normal None
1 1-5% Mucous traces Perianal blood traces
2 5-10% Loose stools Blood traces on stools
3 10-20% Diarrhoea Bleeding
4 >20% Gross diarrhoea Gross bleeding

Table 7. DAI value is the media of weight loss, stool consistency and bleeding scores
3.3. Evaluation of intestinal permeability in colitic mice

The day before sacrifice, mice from the different experimental groups (n=8/group) were fasted for
12 hours and administered DX-4000-FITC (Sigma-Aldrich, Madrid, Spain) by oral gavage (350
mg/kg body weight). Four hours after administration, just before mice sacrifice, blood was drawn
via intracardiac puncture and centrifuged at 4000 x g for 10 minutes at 4°C. Plasma was diluted
(1:10) in PBS and analyzed for DX-4000-FITC concentration with a fluorescence

spectrophotometer (Fluorostart, BMG Lab Technologies, Offenburg, Germany) at an excitation
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wavelength of 485 nm and emission wavelength of 535 nm. A standard curve was obtained by
serial dilutions of FITC-dextran (Sigma-Aldrich, Madrid, Spain) in PBS (301).

3.4. Colonic explant culture

Three whole thick colonic punch biopsies (Miltex, York, PA, USA) were obtained from distal,
medial and proximal regions and incubated in 0.5 mL of complete DMEM for 24 hours. After that,
supernatants were collected and IL-18 concentration (pg/mL) was measured by ELISA as

described in section 3.8.3.

3.5. Induction of colitis associated cancer — the azoxymethane (AOM)/DSS
model

Colitis associated cancer (CAC) was induced in 8-9 weeks old C57BL/6J female mice provided
by the Centre for Scientific Instrumentation (University of Granada, Granada, Spain) as previously
described (302, 303). Briefly, mice were injected i.p. with 10 mg/kg AOM (Sigma-Aldrich, Spain
Cat.# A5486-25MG). One week later, 2% (v/v) DSS was added in the drinking water for 5-7 days
and this was repeated for a total of three DSS cycles with an interval of two weeks between each
cycle. At the disease peak of the second and third DSS cycles, 0.5 x 106 human iMSCs were i.p.

injected in 200 pLof sterile PBS. DAI was evaluated daily as described in section 3.2.

Once the animals were euthanized on week 15, colons were removed and macroscopically visible
tumors were counted and measured. The distal colonic tissue was then sectioned in different
fragments for subsequent evaluation. Also, mesenteric lymph nodes (MLNs) and spleens were

removed and blood drained to accomplish different evaluations.

AOM i.p. iMSCs i.p. injection IMSCs i.p. injection euthanasia
injection (0.5x10°cells/mouse) (0.5x10°cells/mouse)
(10mg/kg) Mot | ‘ é

Sl |

’ % < %P e > .f - % .%\ *.P
}7 2%DS§ —— 2%DSS —— 2%DSS —’|

0 1 2 4 5 7 8 15

Time
(weeks)

Figure 14. Experimental design of AOM/DSS cancer associated colitis. Image created with

BioRender.com

Later, tumor volumes were estimated following the formula V= (Dxd2xm)/6 that calculates the

volume of an ellipsoid, where V= volume, D=larger diameter and d=smaller diameter.

3.6. Colitis and tumor scoring by colonoscopy
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By the end of the AOM/DSS study, colon state was screened by means of a Coloview
miniendoscopic system (Karl Storz, Madrid, Spain). Mice were anesthetized with isoflurane and
tumor size was evaluated as described by Becker et al. (2007) (304). This resulted in the tumor

size grade score. Tumour sizes were graded as follows:

Tumor size Score
very small, just detectable
covers up to one eighth of the colonic circumference
covers up to a quarter of the colonic circumference
covers up to half of the colonic circumference
covers more than half of the colonic circumference

DB (WIN(—

Table 8. Grading of tumor relative to the circumference of colon

Colitis was also assessed by a scoring system developed by Becker et al. (2007) as well (304),

shown in the following table:

Endoscopic index of colitis severity

0 1 2 3 Total
Thickening of the colon Transparent  Moderate Marked Non-transparent 0-3
Changes on the vascular pattern Normal Moderate Marked Bleeding 0-3
Fibrin visible None Little Marked Extreme 0-3
Granularity of the mucosal surface  None Moderate Marked Extreme 0-3
Stool consistency Normal+solid  Still shaped  Unshaped Spread 0-3

Table 9. Endoscopic colitis score based on the observed sign of inflammation. Overall score: 0-
15

3.7. Analysis of gene expression by RT-qPCR
3.7.1. RNA extraction

Total RNA from iMSCs was extracted using cold NucleoZOL (Macherey-Nagel, Duren, Germany)
following manufacturer's instructions and then standard phenol/chloroform isolation was
performed. In the case of colonic samples, they were first homogenized using a Precellys 24
tissue homogenizer (Bertin Technologies, Montigny-Le bretonneux, France) and then RNA was
isolated with the RNeasy® Mini Kit (Qiagen, Hilden, Germany) following manufacturer’s
indications. The resulting RNA was then quantified in a NanoDrop™2000 (ThermoFisher
Scientific, Waltham, MA, USA) and sample purity was considered by the 260/230 and 260/280

ratios.

3.7.2. RNA retrotranscription

1-2 ug of total RNA per sample were reverse transcribed into cDNA using the M-MLV reverse
transcriptase (Cat.# M1705), oligo (dT) primers (Cat.# C110A), RNasin® ribonuclease inhibitor
(Cat.# N2511) and a 10mM dNTP mix (all from Promega, Madison, WI, USA) following

manufacturer’s indications. Resulting cDNA was then stored at -20°C until its further use.

3.7.3. Gene expression analysis by quantitative PCR (qPCR)

Amplified cDNA was thawed and qPCRs for different genes were performed using the MasterMix
gPCR SyGreen kit (PCR Biosystems Ltd, London, UK) that employs SYBR green as reporter.
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Reactions were carried out in optical-grade 48-well plates, employing an Eco™ Real-Time PCR

thermocycler (lllumina, San Diego, CA, USA).

Ct values of the housekeeping gene

glyceraldehyde-3-phosphate dehydrogenase (Gapdh) were used to normalize the values

obtained for each of the evaluated genes. Relative gene expression was calculated by means of

AACt formula and expressed as fold-change (compared to the corresponding control). Specific

primer sequences (Sigma-Aldrich, Madrid, Spain) are presented in the following table.

Annealing RefSeq
Gene Primer sequence 5 —3’ Species .
T (°C) accession number
mouse/
FW 5'-CCATCACCATCTTCCAGGAG NM_001289726.1
Gapdh human 60
RV 5'-CCTGCTTCACCACCTTCTTG
FW 5'-GGGGCCTACACTGATCAAGA mouse
Zo-1 56 NM_009386.2
RV 5'- TGGAGATGAGGCTTCTGCTT
FW 5'-CTCCGAGCAGATTGAGAAGG mouse
Villin 60 NM_009510.2
RV 5'-GGTGCTGCCACTCTTCTACC
FW 5'-GTTGAAGACTGAGACTCTGG mouse
Inos 56 NM_010927.4
RV 5'-GACTAGGCTACTCCGTGGA
FW 5'-AACTAGTGGTGCCAGCCGAT mouse
Tnf-a 56 NM_001278601.1
RV 5'-CTTCACAGAGCAATGACTCC
FW 5'-TAGTCCTTCCTACCCCAATTTCC mouse
11-6 60 NM_031168.2
RV 5'-TTGGTCCTTAGCCACTCCTTC
FW 5'-
mouse
Ilcam-1 GAGGAGGTGAATGTATAAGTTATG 60 NM_010493.3
RV 5'-GGATGTGGAGGAGCAGAG
FW 5'-CATCGATGAGCTGATGCAGT mouse
11-12 59 NM_008351.3
RV 5’-CAGATAGCCCATCACCCTGT
FW 5'-TTGCGAGACGTAGACCCTGG mouse
Arg1 63 NM_007482.3
RV 5'- CAAAGCTCAGGTGAATCGGC
FW 5'-AAGCAGGCTAATACTGATAGG mouse
Cox-2 56 NM_000963.4
RV 5'-TGTTGAAAAGTAGTTCTGGG
FW 5'-TCCAGAAGGCCCTCAGACTA mouse
-17a 60 NM_010552.3
RV 5'-AGCATCTTCTCGACCCTGAA
11-23- FW 5'-AATCTCTGCATGCTAGCCTG mouse
60 NM_031252.2
p19 RV 5'-AGTTGGCTGAGTCCTAGTAG
FW 5'-TGGGGGGCAACTCGGC mouse
Mmp9 60 NM_013599.5
RV 5'-GGAATGATCTAAGCCCAG
FW 5'- CAACTACAGGATTCACCTTAC mouse
Angpt2 55 NM_007426.4
RV 5'- GTACTGTGCATTCAAGTTGG
FW 5'-TTGTTCTCATTTCGTGATGG human
IDO1 56 NM_002164.6
RV 5'-TACTTTGATTGCAGAAGCAG
FW 5'-TGGTGAAACCCCGTCTCTAC human
11-10 60 NM_001382624.1
RV 5'-CTGGAGTACAGGGGCATGAT
Tsg-6 FW 5'-CCAAATGAGTACGAAGATAACC human 55 NM_007115.4
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RV 5'- CACAGTATCTTCCCACAAAG

FW 5'-GCAATTTTTGGTTTGGCTGT human
Hof 60 NM_001010932.3
RV 5'-CCTGCCCACAGCATATAGGT
FW 5'-GCAGAAAAAGGCAAAGAATC human
11-6 55 NM_001371096.1
RV 5'-CTACATTTGCCGAAGAGC
FW 5'-AACATTGCTGATTCTTCGTG human
Tpl-2 55 NM_001320961.2

RV 5'-CCCGAACAAGATTGAAGTAG

Table 10. RT-gPCR primer sequences and associated RefSeq accession numbers

3.8. Analysis of protein expression

3.8.1. Protein extraction and quantification

Colonic samples were weighed, minced on an ice-cold plate and suspended (1:5 w/v) in a lysis
buffer containing 20 mM HEPES (pH 7.5), 10 mM EGTA, 40 mM B-glycerophosphate, 2.5 mM
MgClz, 1% Igepal®, protease inhibitors — 1mM DTT, 2 pg/mL aprotinin (Cat.# A1153), 5 uyg/mL
leupeptin (Cat.#L9783), 1 mM PMSF (Cat.#P7626), 1 ug/mL iodoacetamide (Cat.#16125) — and
phosphatase inhibitors — 2 mM sodium orthovanadate (Cat.#S6508), 5 mM sodium fluoride
(Cat.#S1504) and 1 mM sodium molybdate (Cat.# 331058) (all of them from Sigma-Aldrich,
Madrid, Spain). Then, tissue homogenates were left for 2 hours in a tube rotator at 4°C.
Thereafter, homogenates were frozen and stored until its further use. Samples were then
defrosted and centrifuged at 10,000 x g for 15 minutes at 4°C. Then, supernatant was transferred
to new tubes and protein concentration determined by the bicinchoninic (Cat.# D8284) acid
method described by Smith et al. (1985) using BSA (Cat.# A4503) as standard (both from Sigma-
Aldrich, Spain).

3.8.2. Western blot

40-60 ug of total protein were mixed with 4x Laemmli sample buffer (Bio-Rad, Hercules, CA, USA)
and boiled at 95°C for 5 minutes. Then, samples were quickly placed on ice and proteins were
resolved by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) under
reducing conditions. After gel electrophoresis, proteins were subsequently electrotransferred to
a immobilon-P PVDF membrane (Sigma, Spain, Cat.# IPVH00010). After blocking for 1 hour with
5% non-fat dry milk or 3% BSA (Sigma-Aldrich) diluted in PBS-T, membranes were probed
overnight with primary antibodies against: iINOS (1:500, BD biosciences, Cat.# 610333), 3-catenin
(1:1000, Santa Cruz Biotechnology, Cat.# SC-7963), IL-6 (1:500, Cell signaling, Cat.# 12912),
Akt (1:1000, Cell signaling, Cat.# 9272), p-Akt(Serd73) (1:1000, Cell signaling, Cat.# 9271), Bax
(1:200, Santa Cruz Biotechnology, Cat.# SC-7480), Bcl-2 (1:500, Santa Cruz Biotechnology, SC-
7382), Cox-2 (1:1000, Cell signaling, Cat.# 12282), STAT-3 (1:1000, Cell signaling, Cat.#4904)
and pSTAT3(Tyr705)(1:1000, Cell signaling, Cat.#9145). Secondary HRP conjugated antibodies
were purchased either by Sigma-Aldrich (1:5000 anti-rabbit IgG, Cat.#A9169) or Cell signaling
(1:3000 anti-mouse IgG, Cat.#7076S) and incubated for 1 hour. Control of protein loading and

transfer was conducted by detection of B-actin levels with a directly conjugated HRP antibody
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(1:1000, Santa Cruz Biotechnology, Cat.#SC-47778). Signal development was performed with
the Clarity western ECL substrate (Bio-Rad, Hercules, CA, USA) and signal acquisition using a
LAS-4000 image system (Fujifilm, Life Science, USA) or a ChemiDoc image system ((Bio-Rad,
Hercules, CA, USA). The quantification of bands was performed by densitometry analysis using
either ImagedJ (Free Software Foundation Inc) or Image Lab software (Bio-Rad, Hercules, CA,
USA).

3.8.3. Cytokine determination by ELISA

For cytokine determination, supernatants from cell cultures or tissue explants were thawed and
analyzed using mouse IL-13 (Peprotech, Cat.# 900-K47), human IL-10 (Peprotech, Cat.# 900-
K21), human IL-12 (Peprotech, Cat.# 900-K96) or human TNF-a (Peprotech, Cat.# 900-T25)
ELISA development kits. Briefly, capture antibody was diluted to its working concentration in PBS
and 100 pL added per well in a 96-well high binding ELISA microplate (Corning Costar, Glendale,
AR, USA, Cat.#3590). Capture antibody was incubated at room temperature overnight. The
following day, wells were washed three times with wash buffer (0.05% Tween 20 in PBS) and
wells blocked for 1 hour with 1% BSA in PBS. After washing the blocking buffer, 100 uL of test
samples and standards were incubated for 2 hours at room temperature. After gentle washing,
100 pL of detection antibody were added to each well. 2 hours later, the detection antibody was
removed and the plate incubated with 100 pL of streptavidin/avidin-HRP conjugate for 20 minutes
out of light. Thereafter, the ELISA plate was washed again three times and 100 pL of substrate
solution (either with TMB or ABTS, depending on the kit) added to each well. After a 20-minute
incubation period, stop solution (2N H2S0O4) was administered and optical density measured in an

infinite F50 ELISA plate reader (Tecan Life Sciences, Switzerland).
3.9. Histological studies

At the day of sacrifice, representative colonic specimens were taken 1 cm from the rectum and
fixed for 24 hours in 4% paraformaldehyde. Depending on the further application, tissues were

then dehydrated in distinct solutions:

1) Increasing concentrations of ethanol (70%, 85%, 95% and 100%), then embedded in
paraffin and trimmed in 5 ym sections — for haematoxylin and eosin staining.
2) A sucrose gradient (first at 15% and then at 30%), then embedded in OCT and trimmed

in a cryostat in 8 ym sections — for immunofluorescence experiments.

3.9.1. Haematoxylin and eosin staining

To perform haematoxylin and eosin (H&E) staining, first, sectioned paraffin samples were
deparaffinized and rehydrated. For that purpose, they were immersed two times in xylene (20
minutes/each) and then, in decreasing concentrations of ethanol (100%, 96%, 80%, 70% 50%,
dH20 and tap water) for 10 minutes/each. Once the samples were rehydrated, they were prepared

for the staining procedure. When histochemical staining of mucins was carried out, sections were
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first incubated in 1% alcian blue 3% in acetic acid (in 70% ethanol) for 30 minutes. Then, excess
staining was removed in running tap water and conventional haematoxylin and eosin staining was
accomplished. Briefly, slides were soaked for 1 minute in undiluted Harris Haematoxylin (Cat.#
10-2332, Casa Alvarez, Spain). Then differentiation and bluing were achieved by immersion in
3% acetic acid and tap water, respectively. After that, samples were dipped in 0.5% eosin
(Cat.#10-3002, Casa Alvarez, Spain) for 30 seconds and then, tissue sections were dehydrated
in increasing concentrations of ethanol and clarified in xylene before being mounted with DPX
media (Casa Alvarez, Spain, Cat.# 10-3500).

3.9.2. Histological damage evaluation

In the DSS colitis model, after H&E staining, samples were submitted to histological tissue
damage evaluation by a blind observer — according to a previously established scoring system.
This system takes into account the presence of ulceration, immune cell infiltration, edema and

the condition of the crypts (305). The scoring criteria is shown in the following table:

Mucosal epithelium and lamina propria

Ulceration: none (0); mild surface (0—25%) (1); moderate (25-50%) (2);
severe (50-75%) (3); extensive-full thickness (more 75%) (4).

Polymorphonuclear cell infiltrate
Mononuclear cell infiltrate and fibrosis
Oedema and dilation of lacteals
Crypts
Mitotic activity: lower third (0); mild mid third (1); moderate mid third (2); upper third (3)
Dilations
Goblet cell depletion
Submucosa
Polymorphonuclear cell infiltrate
Mononuclear cell infiltrate
Oedema
Vascularity
Muscular layer
Polymorphonuclear cell infiltrate
Mononuclear cell infiltrate
Oedema

Infiltration in the serosa

Scoring scale: 0 none; 1 slight; 2 mild; 3 moderate; 4 severe. Maximum score:59

Table 11. Scoring criteria of full-thickness distal colon sections adapted from (300).

3.9.3. Immunofluororescence
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First, cryosections were brought to room temperature for 10 minutes. After this time, OCT was
carefully peeled off from the tissue surroundings and the staining area was delimited with a
hydrophobic pen (Cat.# Z377821, Sigma-Aldrich, Spain). Then, depending on the specific

application, different steps were followed:
3.9.3.1. Assessment of cell proliferation by Ki67 expression

To determine tissue cell proliferation samples were then hydrated for 10 minutes in 1x PBS before
being permeabilized and blocked for 1 hour with a 0.1% saponin, 1% BSA and 0.05% sodium
azide PBS solution at room temperature (all from Sigma-Aldrich, Madrid, Spain). Then, slides
were probed with primary polyclonal rabbit anti-Ki67 antibody (1:500 dilution) in blocking buffer
(Cat.# ab64693 Abcam, Cambridge, UK) at 4°C overnight, followed by three PBS washes. Then,
to amplify the resulting signal, a goat anti-rabbit IgG AF488 secondary antibody (1:1000 dilution
Cat.# ab150077, Abcam, Cambridge, UK) was incubated for 2 hours. Hoechst 33342 (Invitrogen,
ThermoFisher Scientific, Waltham, MA, USA) was used to stain the nuclei. Anti-rabbit IgG isotype
control (Cat.# 02-6102, Invitrogen, ThermoFisher Scientific, Waltham, MA, USA) was used as
negative control. Images were acquired with a Nikon Eclipse Ti-E A1 confocal microscope (Centre
for Scientific Instrumentation, University of Granada, Granada, Spain) equipped with a 20x
objective. Acquisition of green channel (positive signals) was performed using the 488 nm laser
and 505-550 nm emission filter. Quantification of Ki67* cells per crypt was done using 15 random
crypts per slide. Images were analyzed with ImagedJ software (Free Software Foundation Inc.,
Boston, MA, USA).

3.9.3.2. Assessment of apoptosis by TUNEL assay

To evaluate cell apoptosis the DeadEnd Fluorometric Tunel system (Cat.#3250, Promega,
Madison, WI, USA) was used following manufacturer’s indications with some modifications.
Briefly, after tissue delimitation, samples were hydrated for 10 minutes with 1x PBS. Then, tissue
permeabilization was achieved through incubation with proteinase K (20ug/ml) for 10 minutes.
Next, samples were washed and incubated with equilibration buffer (200 mM dimethylarsinic acid,
25 mMTris-HCI, 0.2 mM DTT, 0.25 mg/ml BSA and 2.5 mM cobalt chloride) for 10 minutes before
being incubated for 1 hour at 37°C with the rTdT incubation buffer (out of light in a humidified

chamber):

Buffer component Volume per reaction
Equilibration buffer 225 uL
Nucleotide mix (fluorescently labeled) 2.5 L
rTdT enzyme 0.5 yL

Table 12. Composition of the rTdT incubation buffer.

For negative controls this buffer was prepared without the rTdT enzyme. After 1 hour, sections
were washed with 2x saline sodium citrate (SSC) buffer for 15 minutes and then three times with
1x PBS. Finally, Hoechst 33342 (Invitrogen, ThermoFisher Scientific, Waltham, MA, USA) was

used to stain nuclei and samples were mounted with ProLong™ glass antifade mountant
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(Invitrogen, ThermoFisher Scientific, USA). Images were acquired with a Leica TCS-SP5 Il
spectral multiphoton confocal microscope (Centre for Scientific Instrumentation, University of
Granada, Granada, Spain) equipped with a 20x objective. Acquisition of green channel (positive
signals) was performed using the 488 nm laser and 505-550 nm emission filter. Quantification of
TUNEL* per field was done using 5 random fields per slide. Images were then analyzed with

ImagedJ software (Free Software Foundation Inc., Boston, MA, USA).
3.9.3.3. Assessment of iMSCs homing to intestine

To assess iIMSCs homing in colon samples, sections were then hydrated for 10 min in 1x PBS.
Thereafter, sections were then treated with a solution containing 0.1% saponin, 1% BSA and
0.05% sodium azide for 1 hour at room temperature. Then, slides were incubated with the anti-
nuclei antibody conjugated with AF488 (1:100 dilution, Sigma-Aldrich, Madrid, Spain,
Cat.#MAB1281A4) at 4°C overnight. This antibody recognises the nuclei of human cells and does
not bind to mouse or rat cells, enabling the detection of iIMSCs in mouse tissue samples. The
following day, sections were washed three times with 1x PBS and all nuclei counterstained with
Hoechst 33342 (Invitrogen, ThermoFisher Scientific, Waltham, MA, USA). As a positive control,
iMSCs grown in a Nunc Lab-Tek Chamber slide™ were subjected to the same procedure

following the immunocytochemistry protocol described in section 1.5.2.
3.10. Flow cytometry

To analyze the expression of some relevant cellular markers and therefore, study the abundance

of some immunologic cell subpopulations, FACs analysis was performed in different tissues.
3.10.1. Blood

At the day of euthanasia, AOM/DSS mice were anesthetized with xylazine (10 mg/kg) and
ketamine (100 mg/kg) and blood drained with a 25 gauge heparinized needle and quickly
transferred to a tube with anticoagulant. Then, 2 cycles of red cells lysis were done and blood

cells counted. About 2x108 cells/sample were stained as follows:

1) First, cells were incubated with live/dead Zombie Aqua fixable viability dye
(BioLegend, San Diego, CA, USA), anti-CD16/32 (BioLegend, San Diego, CA, USA,
Cat.# 101319) and 123 counting eBeads™ (Invitrogen, ThermoFisher Scientific,
Waltham, MA, USA, Cat.#01-1234-42 ) previously diluted in 1x PBS.

2) Next, samples and Fluorescence minus one (FMO) controls were stained for 30
minutes at 4°C with the next antibody mix diluted in FACs buffer (0.1%BSA and 2
mM EDTA):
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Fluorochrome | Antibody target Reference Company
VioBlue MHCII 130-102-145 Miltenyi Biotec
BV785 Ly6C 128041 BioLegend

FITC CD11c 130-110-700 Miltenyi Biotec

PE CD64 130-103-808 Miltenyi Biotec
PerCP-Cy5.5 CD11b 550993 BD Biosciences
PE-Vio770 CCR2 130-108-724 Miltenyi Biotec

Table 13. Antibody mix used to analyze abundance of blood monocytes populations

Then samples were washed with PBS 1x to remove excess antibody, fixed with a

paraformaldehyde based solution (Invitrogen, ThermoFisher Scientific, Cat.#00-8222) and
resuspended in 200 pL of FACs buffer. Data was acquired using a BD FACSymphony™ A5 Cell
Analyzer and results were analyzed with the Flowjo v10.6.2 software (FlowJo LLC, Ashland, OR,

USA) following the next gating strategy:
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3.10.2. Intestinal samples

Colonic tissue from AOM/DSS mice was removed and extensively washed with 1x PBS and
longitudinally opened and kept on ice. Next, every colon was incubated with 5 mL of a prewarmed
solution of HBSS (without Ca2* and Mg?*) supplemented with 1mTT and 5 mM EDTA for 30 min
at 37°C and 150 rpm. After that, supernatant was discarded and tissue washed 3-4 times with 1x
sterile PBS to remove remaining EDTA and then, colons were cut into pieces on ice. The tissue
was then incubated in DMEM containing 400U/ml collagenase Xl (Sigma-Aldrich, Cat.# C7657),
100 U/mL DNase | (Sigma-Aldrich, Spain, Cat.#DN25) and 0.09 U/mL dispase Il (Roche Applied
System, Germany, Cat.#04942078001) for 40-50 minutes at 37°C and 150 rpm. After this time,
cell suspension was then filled up to 20-30 mL with 2mM EDTA PBS, passed through a 70 pm
presoaked nylon mesh and pelleted. Then, cell concentration was assessed and 2-3x10° total

cells were stained as follows:

1) First, cells were incubated with live/dead Zombie Aqua fixable viability dye
(BioLegend, San Diego, CA, USA), FcR blocking (BioLegend, San Diego, CA, USA,
Cat.# 101319) and 123 counting eBeads™ (Invitrogen, ThermoFisher Scientific,
Waltham, MA, USA, Cat.#01-1234-42 ) previously diluted in 1x PBS.

2) Then, samples and FMO controls were stained for 30 minutes at 4°C with the next
antibody mix diluted in FACs buffer (0.1%BSA and 2 mM EDTA):

Fluorochrome | Antibody target Reference Company
BV421 CD206 141717 BioLegend
BV785 Ly6C 128041 BioLegend

FITC CD86 553681 BD Biosciences

PE CD45 130-102-596 Miltenyi Biotec

PerCP-Vio700 F4/80 130-102-161 Miltenyi Biotec

PE-Vio770 Ly6G 130-107-915 Miltenyi Biotec
APC MHCII 17-5323-82 eBioscience
APC-Cy7 CD11b 101226 BioLegend

Table 14. Antibody mix used to analyze abundance of intestinal macrophages populations

Then samples were washed with PBS 1x to remove excess antibody, fixed with a
paraformaldehyde based solution (Invitrogen, ThermoFisher Scientific, Cat.#00-8222) and
resuspended in 200 pL of FACs buffer. Data was acquired using a BD FACSymphony™ A5 Cell
Analyzer and results were analyzed with the Flowjo v10.6.2 software (FlowJo LLC, Ashland, OR,

USA) following the next gating strategy:
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Figure 16. Gating strategy employed for the analysis of intestinal immune populations in CAC

mice.

3.10.3. Mesenteric lymph nodes (MLNs)

MLNs from AOM/DSS mice were removed and mashed between nylon filters in a precooled plate.

Cells in suspension were then collected and filtered through a 70 uM presoaked nylon mesh.

Next, cells were pelleted and counted and 2-3x10° cells were processed as it follows:

1)

Cells in suspension were incubated for 4.5 hours (37°C, 5% COz2) in 1 mL of medium

containing 50 ng/mL PMA (Sigma),1 pg/mL ionomycin (Sigma) and a solution

containing the Golgi apparatus inhibitor Brefeldin A (1:1000 dilution,

-70 -

BD



MATERIALS & METHODS

Biosciences, Cat.# 555029). After this time, cells were centrifuged at 400 x g for 5
minutes.

2) Then, cells were incubated with live/dead eFluor780 fixable viability dye (Invitrogen,
ThermoFisher Scientific, Waltham, MA, USA, Cat.# 65-0865-14), FcR blocking
(BioLegend, San Diego, CA, USA, Cat# 101319) and 123 counting eBeads™
(Invitrogen, ThermoFisher Scientific, Waltham, MA, USA, Cat#01-1234-42 )
previously diluted in 1x PBS.

3) Later, samples and FMO controls were stained for 30 minutes at 4°C with the next
antibody cocktail diluted in FACs buffer (0.1%BSA and 2 mM EDTA):

Fluorochrome | Antibody target Reference Company
VioBlue CD4 130-110-310 Miltenyi Biotec

BV510 CD3¢ 100353 BioLegend
PE-Vio615 CD8a 130-109-251 Miltenyi Biotec

Table 15. Antibody cocktail employed to stain surface markers present in T cells

4) Subsequently, excess antibody was removed and cells were permeabilized and
fixed by means of FoxP3/Transcription factor staining buffer set (Invitrogen,
Cat.#00-5523) following manufacturer’s instructions. Next, cells and FMO controls

were incubated with the intracellular antibody mix shown in the following table:

Fluorochrome | Antibody target Reference Company
BV786 IL-4 564006 BD Biosciences
FITC IFN-y 130-109-721 Miltenyi Biotec
PE IL-17A 559502 BD Biosciences

APC FoxP3 15-5773-80 Invitrogen

Table 16. Antibody mix used to stain intracellular markers present in T cell subpopulations

Finally, cells washed with PBS 1x to remove excess antibody and resuspended in 200 uL of FACs
buffer. Data was acquired using a BD FACSymphony™ A5 Cell Analyzer and results were
analyzed with the Flowjo v10.6.2 software (FlowJo LLC, Ashland, OR, USA) following this gating
strategy:

-71-



MATERIALS & METHODS

Exclusion of debris Exclusion of doublets Exclusion of dead cells

300K 6.0K live cells dead cells

—_—
§ o T 100k = 40K
2 2 3
0 w O
100K 50K 2.0K
N 0 0
'IIIIIIIIII'IIIIIIIII'IH IIIII'IIIIIIIIIIIIIIIIII IIF“ IIIHI"IIHI
0 150K 0 150K ; o 0 6
FSC-A FSC-A iFixabIe viability dye
¥ Selection of CD4* Selection of CD8*
Selection of lymphocytes and CD8" cells IFNy+ cells
150K -'f 0’ 1 To1
3 s |
T 100k == CcD3+ < > 1 F i
Q 3 : o o z 3|
¢ ] sk o & 7t
50K ™= ‘c@; o > > r i by
2 "’}«i'; =) 0 ‘ i
b RE 5 X =
o= 10 4
FIIIMIIIHIIIHIIHIIF Il IIIIIII III‘IIIIIIIIIIII
2 o 5 0 150K
CD3 FSC-A
Selection of Ty1 Selection of T,17 Selection of T,
E
E Thi
4 i
=10 1. f 3
AT ||
= 17
o d 2
-
llllllllllllllllllllllll IIII|IIIII|IIIIIIIII|IH IIII'I'IIIIIIIIIIIIII'III
0 150K 0 150K 0 150K 0 150K

FSC-A FSC-A FSC-A FSC-A

Figure 17. Gating strategy employed for T lymphocyte subpopulation analysis in AOM/DSS mice.
3.11. DNA extraction and sequencing analysis from feces

Colonic luminal contents were collected from all mice at the end of the treatment and kept
immediately at —80 °C until DNA extraction. Total DNA was isolated following the procedure
described by Rodriguez-Nogales et al. (306). PCR amplification of targeted regions was
performed by using “fusion primers”, targeting 16S V4-V5 regions with multiplexing on the lllumina
MiSeq machine (lllumina Inc., San Diego, CA, USA). The PCR products with proper size were
selected by 2% agarose gel electrophoresis. Same amount of PCR products from each sample
were then pooled to make one library to be quantified fluorometrically before sequencing. After
the sequencing was completed, all reads were scored for quality, and any poor quality and short

reads were removed.

For microbiome analyses, paired-end reads were assigned to samples based on their unique
barcodes and truncated by cutting off the barcode and primer sequences. Paired-end reads were
merged using FLASH (V1.2.7) (307). Quality filtering on the raw tags were performed to obtain
the high-quality clean tags (308) using the Qiime (V1.7.0) quality controlled process (309). The
tags were compared with the SILVA reference database using UCHIME algorithm (310) to detect

-72 -



MATERIALS & METHODS

and remove chimera sequences (311). Lastly, the Effective Tags were obtained. With the effective
tag were obtained the OTU cluster and Taxonomic annotation using Uparse software ((312))
Sequences with 297% similarity were assigned to the same OTUs. Representative sequence for
each OTU was screened for further annotation. For each representative sequence, Qiime in
Mothur method was performed against the SSUrRNA database of SILVA Database (313) for
species annotation at each taxonomic rank (314). OTUs abundance information were normalized
using a standard of sequence number corresponding to the sample with the least sequences.
Subsequent analysis of alpha diversity and beta diversity were all performed basing on this output
normalized data. Alpha and beta diversity was calculated with QIIME and displayed with R
software (Version 2.15.3).

4. STATISTICAL ANALYSIS

Statistical analysis was performed using the GraphPad Prism version 7 software (GraphPad
Software, Inc, La Jolla, CA, USA). All data are represented as mean(SEM) of at least 3
independent experiments/biological replicates unless otherwise stated in the figure legends. The
Mann—-Whitney U-test for non-parametric data was used for the analysis of the DAI and
microscopic score. For the PBMCs proliferation experiment analysis a two-way ANOVA followed
by the Bonferroni post hoc test. For the rest of the data, multiple comparisons between groups
were performed using the one-way ANOVA, followed by the Bonferroni post hoc test. A p-value

<0.05 was considered significant.
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RESULTS

1. CULTURED IMSCs sHOW A MSC-LIKE BEHAVIOUR

iIMSCs isolated from intestinal resections presented a fibroblast-like morphology upon in vitro
culture (Figure 18A) and had the ability to form colony-forming units fibroblasts (CFU-F), which is
a measure of proliferation potential and self-renewal capacity associated with MSCs (Figure 18B).
iMSCs showed to have trilineage differentiation potential and were able to differentiate into three
different cell types in vitro: osteoblasts (Figure 18C, left), adipocytes (Figure 18C, middle) and

chondroblasts (Figure 18C, right), using standard differentiation assays.
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Figure 18. Characterization of human iMSCs. (A) iIMSCs were isolated through plastic
adherence for 24 hours as described in materials and methods. After 72 hours, the adherent cells
adopted a fibroblastic morphology. At passage 3 (P3), the cultures consisted of homogeneously
larger fibroblastic cells. (B) iMSCs were seeded at low density and cultured for 12 days. Colonies
(CFU-F) were stained with crystal violet. (C) iMSCs were differentiated for 3-4 weeks into (1)
osteoblasts (left) - calcium deposits stained with alizarin red -, (2) adipocytes (middle) - lipid
droplets stained with oil red - and (3) chondroblasts - aggrecan stained with alcian blue and nuclei
with haematoxylin. (D) P2-3 iMSCs were harvested and stained with a panel of antibodies specific
for endothelial (CD34), epithelial (CD31, EpCam), hematopoietic (CD45), mesenchymal (CD73,
CD90, CD105) markers, and the immunomodulatory marker PD-L1 (CD274) and analyzed by
flow cytometry. Representative histograms demonstrate specific stainings and the vertical lines
represent the background staining using the corresponding isotype controls. The FlowJo software
was used for FACs data analysis. (E) Average expression levels (% of positive cells in relation to
isotype control stainings) of the above mentioned markers in iMSCs at passage 1-2 and 7-8
isolated from 6 donors. (F) P2-3 iMSCs were harvested, seeded and grown in
immunofluorescence Nunc Lab-Tek Chamber slides. After that, the presence of vimentin (green)
and nuclei (blue) was evaluated with a Nikon eclipse Ni-U epifluorescence microscope.
Background staining was established using an isotype control. Data are shown as mean(SEM).
****=P<0.0001.

Flow cytometry analysis at different passage numbers (P1-2 and P7-8) revealed that iMSCs
lacked hematopoietic (CD45), epithelial (CD31, EpCam) and endothelial (CD34) markers, while
expressing PD-L1 (programmed death-ligand-1/CD274), CD73 (ecto-5-nucleotidase), CD90
(thymocyte differentiation antigen 1) and CD105 (endoglin, a surface membrane glycoprotein part
of the TGF- receptor complex) (Figure 18D). These last markers are general MSC-markers and
are transmitted to their mesenchymal lineage descendants, such as muscle cells and fibroblast
(315). As shown in Figure 18E, this phenotype was stable across serial cell passages (from P1-
2 to P7-8), being PD-L1 the only cell marker that was significantly decreased at a later passage.
Additionally, an immunocytochemistry analysis of these cells showed that iIMSCs expressed
vimentin, another typical mesenchymal marker (Figure 18F). In summary, these data suggest that
iIMSCs meet all the criteria proposed by the ISCT to be defined as mesenchymal stromal cells
(15).

2. IMSCSs PRODUCE SMALL EXTRACELLULAR VESICLES

Exosomes are small (30-150 nm)extracellular vesicles (EVs) that are released by a myriad of
cells and have an important role in intracellular communication. MSCs from different tissues have
been shown to produce exosomes, but few studies have confirmed their production by iMSCs
(316). Exosomes isolated from iMSCs of different patients were visualized by TEM (Figure 19A,
red arrows point out exosomes, recognisable by their lipid bilayer) and nanoparticle tracking
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analysis (NTA) (Figure 19B). Exosomes appeared to have a rounded shape and an average size
of 93.7 + 3.4 nm (data from 6 different preparations of conditioned media) and the tracking
analysis revealed one (or two in some cases) main population of small vesicles which size ranging
from 79.6 to 158 nm. Exosomes are characterized by the expression of tetraspanins (CD9, CD63
and CD81) and some other molecular markers such as Flotillin, Hsp70, Hsp90 and Alix, while
they are negative for annexin V (a marker for apoptotic bodies). The presence of some of these
markers was evaluated by western blot (Figure 19C) or flow cytometry (Figure 19D) in iMSC-
derived exosomes. We found that small extracellular vesicles produced by iMSCs express CD9,
flotillin (Figure 19C) and CD63 (Figure 19D, left) in their surface, while they are negative for
annexin V (Figure 19D, right). Taken together, these data suggest that the extracellular vesicles
isolated from iIMSCs were predominantly exosomes and not apoptotic bodies or other larger

extracellular vesicles, e.g. microvesicles.
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Figure 19. iMSCs are able to produce exosomes. (A) Red arrows indicate the presence of
small EVs visualized by TEM. (B) Diluted small EV's visualized by a nanosight NS300 (left image)
and concentration and size analysis performed by NTA. Isolated exosomes were about 93.7 nm
in diameter and the generated graphic was mainly characterized by a single peak, which indicates
little contamination with microvesicles or proteins (right graph). (C) Western blot analysis of
Flotillin, CD9 and (B-actin expression in exosomes secreted from iMSCs (D) Flow cytometry
analysis that shows 22.9% of the exosomes were positive for CD63 (the expression usually

ranges from 10 to 70%) and only 2.4% were positive for the apoptotic body marker annexin V.
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3. IMSCs INHIBIT T CELL PROLIFERATION, PARTLY THROUGH IDO

To study the immunomodulatory characteristics of iIMSCs, their effect on T cell proliferation was
analysed. It has been previously reported that MSCs need to be “licensed” by IFN-y and
inflammatory cytokines, including TNF-a, to acquire suppressive capacities (317, 318) Thus, we
co-cultured different concentrations of non-stimulated and TNF-a/IFN-y-pre-stimulated iMSCs
with CFSE-labeled PBMCs in the presence of the T cell mitogen PHA-L (Figure 20A, peaks
indicate the number of cell cycle divisions). In the PHA-L-stimulated cultures, the highest
concentration of iIMSCs (20000 iMSCs) significantly inhibited the proliferation of CD4* and CD8*
T cells (Figure 20B and C). Furthermore, cytokine-priming of iMSC significantly increased their
capacity to inhibit the proliferation of CD4* T cells, with a similar trend seen for the suppression
of CD8* T cells (Figure 20B, and C). IDO, PGE:z and IL-10 have been implicated in the
immunomodulatory capacity of MSCs (319). TNF-a/IFN-y-stimulation of iMSCs resulted in a rapid
increase in the mMRNA expression of both IDO and COX-2, a key enzyme involved in the

production of PGE:z (Figure 20D).
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Figure 20. iMSCs inhibit CD4* and CD8" T cell proliferation in vitro. CFSE-labeled PBMCs
were stimulated with PHA-L in the presence or absence of increasing numbers of non-stimulated
or TNF-a/IFN-y prestimulated iMSCs. Six days later, supernatants were collected for the
evaluation of IDO activity and cells were acquired on a FACs Aria lllu cell sorter and the
proliferation of CD4* and CD8* T cells was quantified using the FlowJo software. (A)
Representative histograms showing CFSE-dilution of PHA-L-activated CD4* T cells cultured with
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or without different numbers of non-stimulated iMSCs. (B) Proliferation index of CD4* T cells
cultured in the presence of non-stimulated (white bars) and TNF-a/IFN-y prestimulated (black
bars) iMSCs. Percentage of CFSE control refers to CFSE levels in PBMCs alone stimulated with
PHA-L at day 6. Data are shown as mean(SEM) of 3 independent experiments. *=P<0.05 and
***=P<(0.001 vs. “0 iIMSCs”, #=P<0.05. (C) Proliferation of CD8* T cells cultured in the presence
of non-stimulated (white bars) and TNF-a/IFN-y prestimulated (black bars) iMSCs. Data are
shown as mean(SEM) of 3 independent experiments. *=P<0.05 and **=P<0.01 vs. “0iMSCs”. (D)
iMSCs were stimulated with TNF-a/IFN-y for 1, 2, 6 and 24 hours and mRNA expression of IDO
(left graph), Cox-2 (middle graph) and il-10 (right graph) were measured by qPCR. Data are

shown as mean(SEM) of three independent experiments. *=P<0.05 vs. “0”".

To analyze the role of IDO and PGE: in the iMSCs-mediated inhibition of T cells, we added 1-MT
and indomethacin, which are specific inhibitors of IDO and COX-1/2 activity, respectively (Figures
4B and C). We observed a small, but significant, reduction in the suppressive capacity of the
iMSCs in the presence of 1-MT (Figure 21B), but not with indomethacin (Figure 21C).
Furthermore, the IDO activity was assessed in the cell cultures by determining the concentrations
of tryptophan (Figure 21D, left graph) and its metabolite L-kynurenine (Figure 21D, middle graph)
in the supernatants by UHPLC-MS/MS. The IDO activity, defined as the L-kynurenine/tryptophan
ratio, was significantly increased in the PBMC:iMSC co-cultures in comparison to PBMCs alone
(Figure 21D, right graph). As expected, the addition of 1-MT significantly reduced the IDO activity.
These data further suggest a role of iIMSC-derived IDO in the inhibition of T cell proliferation.
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Figure 21. iMSCs inhibit T cell proliferation partly through IDO. (A) Representative
histograms showing CFSE-dilution of CD4* T cells cultured with 20000 iMSCs in the absence or
presence of 1-MT. (B) Proliferation index of CD4* T cells co-cultured with 20000 iMSCs with 1-
MT or standard media (SD conditions). Data are shown as mean(SEM) from 6 independent
experiments. *=P<0.05. (C) Proliferation index of CD4* T cells co-cultured with 20000 iMSCs with
indomethacin or standard media. Data are shown as mean(SEM) from 6 independent
experiments. (D) Supernatants from PBMC cultures were collected on day 6 and the
concentrations of tryptophan (left graph) and L-kynurenine (middle graph) were determined by
UHPLC-MS/MS. After that, the L-kynurenine/tryptophan ratio (right graph) was calculated. Data

are shown as mean(SEM) from 6 independent experiments.

4. IMSCs INHIBIT THE LPS-INDUCED EXPRESSION OF TNF-A IN THP-1

MACROPHAGES

To evaluate the effect of iIMSCs on macrophage function, THP-1 macrophages were pretreated
with iIMSCs or iMSC-CM, and the expression of anti-inflammatory and pro-inflammatory cytokines
upon LPS stimulation was measured. As shown in Figure 5, iMSCs stimulated with LPS (1 ug/mL)
secreted low concentrations of TNF-a, whereas TNF-a secretion from THP-1 cells was highly
increased after LPS stimulation. In contrast, THP-1 cells cultured in the presence of iIMSCs or
iIMSC-CM produced significantly less TNF-a upon LPS stimulation (Figure 22A). On the other
hand, the expression levels of IL-10 were not found to be significantly different between the

groups (Figure 22B).
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Figure 22. iMSCs inhibit macrophage activation in vitro. PMA-activated THP-1 cells were
cocultured with 100000 iMSCs or treated with iMSC-CM for 48 hours. Cells were subsequently
cultured without (white bars) or with LPS for 24 hours (black bars) and the levels of TNF-a (A)
and IL-10 (B) in the culture supernatants were analyzed by ELISA. ****=P<0.0001 vs. DMEM (+
LPS) group. (C) iMSCs were stimulated with TNF-a/IFN-y for 1, 2, 6 and 24 hours and mRNA
expression of Tsg-6 (left graph), Hgf (middle graph) and II-6 (right graph) were measured by
qPCR. Data are shown as mean(SEM) of 3 independent experiments. *=P<0.05, **=P<0.01 vs.
“0”.

Furthermore, IFN-y/TNF-a stimulation of iIMSCs resulted in the induction of several genes
involved in the polarization of macrophages into anti-inflammatory M2 macrophages, including
TSG-6, hepatocyte growth factor (HGF) and IL-6 (320), suggesting their possible involvement in
the observed reduction in TNF-a production by THP-1 cells (Figure 22C).

5. CONDITIONED MEDIA FROM IMSCS PROMOTES IN VITRO WOUND HEALING

The impact of iIMSC-CM on human NCM356 colonic epithelial cells migration/proliferation was
analysed using an in vitro scratch wound healing assay. At 24 and 48 hours after wounding, the
wound closure was significantly accelerated in iIMSC-CM-treated wells when compared with the
control (DMEM) (Figure 23A and 6B). In addition, we found that stimulation of iMSCs with TNF-
a/IFN-y rapidly induced the gene expression of tumor progression locus-2 (TPL-2) (Figure 23C).
These data are in agreement with the proposed role of TLP-2 in maintaining epithelial cell

homeostatic responses by increasing its proliferation (321).
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Figure 23. iMSC-CM promotes wound closure using the NCM356 human colonic epithelial
cell scratch assay. (A) Representative phase contrast images of NCM356 epithelial cell layers
cultured in DMEM or iMSC-CM from four individual donors (iMSC#69, iMSC#71) were taken at 0,
24 and 48 hours after wounding (white line represents 200 um. Original magnification 4x) (B) The
regeneration of the wound was measured as described in materials and methods. Data are shown
as mean(SEM) of 4 independent experiments, ****=P<0.0001 vs. control. (C) iMSCs were
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stimulated with TNF-a/IFN-y for 1, 2, 6 and 24 hours and mRNA expression of Tpl-2 was

measured by qPCR. Data are shown as mean(SEM) of 3 independent experiments. *=P<0.05,
***=P<0.001 vs. “0”".

6. IMSCs AMELIORATE DSS-INDUCED ACUTE COLITIS

Once the immunosuppressive and wound-healing activities of iIMSCs were confirmed in vitro,
these effects of IMSCs were analysed in an experimental model of acute intestinal inflammation
induced by DSS, which displays human IBD-like clinical, histopathological and immunological
features. Oral administration of 3% (w/v) of DSS during five consecutive days resulted in a
progressive increase in disease activity index (DAI) values, characterized by sustained weight
loss and excretion of diarrheic/bleeding faeces. However, mice treated with a systemic
administration of iIMSCs one day after the initiation of the DSS-treatment showed a reduced DAI
(Figure 24A), diminished body weight loss (Figure 24B), a less pronounced increase in spleen

weight (Figure 24C) but with no apparent reduction in the colon weight/length ratio (Figure 24D).
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Figure 24. Treatment with iMSCs ameliorates DSS-induced acute colitis. Mice (n=10)
received 3% DSS in the drinking water ad libitum from day 0 to day 4. iMSCs (10%/mouse) were
injected intraperitoneally (n=10) on day 1. Mice receiving tap water instead of DSS were used as

control mice (n=10) group. (A) Disease activity index and (B) weight loss index were determined
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daily. (C) Spleen weight and (D) colon weight/length were determined on day 5. (E)
Representative histological images of colonic tissue stained with alcian blue (mucins),
haematoxylin and eosin showing the effect of iIMSCs on DSS-induced colitis. (F) Histological
evaluation of control, DSS and iMSC-treated mice. Data are shown as mean(SEM) of 5-6

individual mice/group. *P<0.05 vs. DSS mice.

Images of the histological examination of colonic tissue stained with alcian blue, haematoxylin
and eosin showed the effect of IMSCs on DSS-induced colitis (Figure 24E). In the DSS group
there were appreciable changes in the mucosa with areas of ulceration on the epithelial layer, in
addition to a lower number of goblet cells, decrease in mucins and an intense inflammatory cell
infiltrate. In the IMSCs group an improvement of the colonic histology with a reduced area of
ulceration was found, more abundance of goblet cells and a diminished infiltration of inflammatory
cells (Figure 24F).

7. IMSC ADMINISTRATION PROTECTS THE INTEGRITY OF THE INTESTINAL

BARRIER IN DSS-TREATED MICE

To characterize the effects of the iIMSCs on the impaired colonic epithelial permeability in colitic
mice, intestinal barrier function was determined by oral administration of 4 kDa FITC-dextran. As
shown in Figure 25A, colitic mice suffered a significant increase in intestinal permeability in
comparison with the control group. However, this epithelial barrier impairment was significantly
reduced in the iIMSCs-treated group. Additionally, the mRNA expression of proteins involved in
the maintenance of epithelial integrity, including Zonula occludens-1 (Zo-1) and Villin was
significantly reduced in the DSS group in comparison with the control mice, whereas the iMSC-
administration significantly increased expression of these markers (Figure 25B and C). To further
investigate the mechanisms behind this iIMSC-mediated protection of the intestinal barrier, we
analyzed the amount of proliferation (Ki67 immunohistochemistry) and apoptosis (TUNEL assay)
of cells in intestinal tissue sections from the control, DSS and DSS + iMSC groups. To our
surprise, we found an increased number of Ki67* cells in the DSS mice compared to the iIMSC-
treated group (Figure 25D). In addition, the TUNEL assay showed a significant increase in
apoptotic cells in the intestines of iIMSC-treated mice in comparison to DSS colitic mice (Figure
25E).
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Figure 25. iMSCs promote intestinal epithelial barrier integrity. (A) Gut permeability was
determined on day 5 by plasma concentration of FITC-dextran. mRNA expression of epithelial
integrity proteins (B) Zonula occludens-1 (Zo-1) and (C) Villin was quantified by RT-qPCR. Fold-
changes are expressed as mean(SEM). *=P<0.05, **=P<0.01, ***=P<0.001, ****=P<0.0001 vs.
DSS mice. (D) Representative images showing cell proliferation in colon sections evaluated by
immunofluorescence staining of Ki67. Ki67* cells are shown in green and nuclei are shown in
blue (Hoechst). White bars represent 100 um. Data show Ki67* cells/crypt and are represented
as mean(SEM) of 5 mice/group. ns. = not significant. (E) Representative images of TUNEL
stained colonic tissue sections from control, DSS and DSS + iMSCs experimental groups showing

cell apoptosis. Apoptotic cells are stained in green and nuclei in blue (Hoechst). Data show
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TUNEL* cells/field, and are represented as mean(SEM) of 5 mice/group. ****=P<0.0001 vs. DSS

mice.

8. IMSC ADMINISTRATION REDUCES INFLAMMATORY RESPONSES IN COLITIC

MICE

The biochemical analysis of the colonic tissue corroborated the intestinal anti-inflammatory effect
of IMSCs, revealing the positive impact on the altered colonic immune response induced by DSS.
DSS-induced colitis was characterized by increased expression of the pro-inflammatory cytokines
Tnf-a, II-6 and /I-12, as well as the adhesion molecule Icam-1, and Inos (Figure 26A-E). iMSCs
administration significantly reduced the expression of these cytokines, whereas only a trend in

reducing lcam-1 expression was observed (Figure 26D).
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Figure 26. iMSCs inhibit DSS-induced inflammation in colitic mice. Mice with DSS-induced
acute colitis were treated with iMSCs on day 1. Total RNA was extracted from colons collected
on day 5 and the gene expression of various inflammatory mediators was determined by RT-
qPCR. Colonic gene expression of the cytokines (A) Tnf-a, (B) II-6, (C) II-12, (D) the adhesion
molecule Icam, (E) the inducible enzyme Inos and (F) Argl were analyzed by RT-qPCR. *=P<0.05,
**=P<0.01, **=P<0.001, ****=P<0.0001 vs. DSS mice. (G) Based on the RT-qPCR results,the
Argl/Inos ratio was calculated. Data are shown as mean(SEM) of 10 mice/group of two separate
experiments. (H) Effect of iMSCs on colonic iINOS expression evaluated by Western blot in DSS
colitic mice. (I) Densitometric analysis of the corresponding bands. (J) Effect of iMSCs on colonic
IL-18 protein levels measured by ELISA in culture supernatants of colonic fragments from mice
of each experimental group incubated for 24 hours in complete DMEM as described in materials
and methods. *=P<0.05 vs. DSS group.

We also analyzed the expression of the M2 macrophage-related gene Argl (Figure 26F). Although
Argl expression was highest in DSS-treated mice, the ratio Argl/lnos was increased, albeit not
significantly, in iMSC-treated mice suggesting a possible polarization towards an anti-
inflammatory M2 macrophage response (Figure 26G) (322). The intestinal anti-inflammatory
activity exerted by iIMSCs was also corroborated when the pro-inflammatory inducible enzyme
iINOS was evaluated by western blot. In contrast to healthy control animals, mice from the DSS
group showed an increased expression of this enzyme in the colon. However, the systemic
administration of iIMSCs significantly down-regulated the colonic expression of iNOS (Figures 9H
and I). Additionally, protein levels of the pro-inflammatory cytokine IL-13 were measured in culture
supernatants of colonic explants by ELISA. IL-1B levels were significantly lower in the iIMSCs-

treated colitic group when compared with the DSS control group (Figure 26J).

9. IMSCS TREATMENT AMELIORATES THE GUT DYSBIOSIS IN COLITIC MICE

The effect of IMSCs administration on the gut microbiota was explored since microbial dysbiosis
is known to play a fundamental role in ulcerative colitis. Different features of the gut microbial
were analysed. Firstly, the analysis of the relative abundance of the main taxonomic phyla was
performed (Figure 27A). The results revealed that the most abundant phyla were Bacteriodetes
(B), Firmicutes (F) and Verrumicrobia in all experimental groups, although DSS supplementation
induced a dramatic shift in these phyla when compared to control mice, significantly increasing
Firmicutes, reducing Bacteroidetes and Verrucomicrobia (Figure 27A) . These changes were
significantly restored by iMSCs administration, showing similar values to the control group (Figure
27A). To further investigate this remarkable shift in the gut microbial environment after iMSCs
treatment, the principal coordinates analysis (PCoA) score plot of gut microbiota at the genus
level was determined. The results showed clear differences between control and DSS group
(Figure 27B). When iIMSCs were administered to colitic mice, marked differences could be

appreciated in comparison with the untreated-colitis group (Figure 27B). Finally, several
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ecological parameters, including observed OTUs (count of unique OTUs in each sample) (Figure
27C); Chao richness (an estimate of a total community) (Figure 27D) and Shannon diversity (the
combined parameter of richness and evenness) (Figure 27E) were evaluated. Observed OTUs,
microbial richness and diversity index were significantly decreased in the DSS group compared
to the control mice, whereas iIMSCs treatment was able to restore all these ecological parameters
(Figure 27 C-E).
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Figure 27. iMSC administration ameliorates the gut dysbiosis in colitic mice. Concretely,
the effect on (A) bacterial community at phylum level, (B) Beta-diversity by principal coordinate
analysis score plot and microbiome diversity by (C) Observed OTUs, (D) Shannon diversity and

(E) Chao1 richness were assessed. Data are expressed as mean(SEM). ****=P<0.0001 vs. DSS

group.

10. IMSC ADMINISTRATION AT THE PEAK OF COLITIS REDUCES DISEASE
SEVERITY IN CAC MICE

Once the activity of IMSCs was confirmed in colitis, the effect of IMSCs was analysed in an

experimental model of colitis associated cancer (CAC) which presents human CAC-like features
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and resulted in tumor initiation and development. CAC was induced in C57BL/6J female mice by
the injection of AOM followed by three cycles of DSS (2% w/v) DSS. At the peaks of the last two
cycles of DSS, iIMSCs were injected i.p. with 0.5x10° cells/mice (Figure 28A). During the three
DSS cycles weight loss (Figure 28B, left) and disease activity index (Figure 28B, right) were
monitored as described in materials and methods. As expected, CAC mice exhibited an important
weight loss and a reproducible increase in DAI during each DSS cycle. Interestingly, the first
systemic administration of iIMSCs during the 2 DSS cycle did not affect weight loss/DAI score,
but showed a protective effect during the third DSS cycle (Figure 28B). The disease ameliorating
effects of the IMSC administrations persisted as reflected by a significant reduction in both spleen

weight and colon weight/length ratio, seven weeks after the last DSS cycle (Figures 11C, and D).
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Figure 28. iMSC administration at the peak of colitis reduces disease severity in the
AOM/DSS model. (A) To induce the development of CAC, mice (n=13) were injected
intraperitoneally with 10 mg/Kg of AOM. One week after, they received 2.5% DSS in the drinking
water ad libitum in three different cycles with two weeks of sterile water between cycles. iMSCs

(0.5x10%mouse) were injected intraperitoneally (n=13) at the peak of the second and third cycles

-89 -



RESULTS

of DSS. Mice receiving tap water instead of DSS were used as control mice (n=12)/group. (B)
Weight loss index (left) and Disease Activity Index (right) were determined daily during the three
DSS cycles. (C) Spleen weight and (D) Colon weight/length (left) were determined on week 15,
after the euthanasia of mice. Before caecum removal, photos of the colons from the three groups
were taken (right). Data are expressed as mean(SEM). CAC+iMSCs group significantly differs
from the CAC control group (P < 0.05). * =P < 0.05, **=P <0.01, ***=P<0.001 vs. CAC control

mice. Different groups with different letters (a-c) show significant differences (P < 0.05).

11. IMSC ADMINISTRATION TO AOM/DSS-TREATED MICE REDUCES TUMOR
NUMBER/SIZE

In this model, tumor development can normally be detected about 6 to 8 weeks after AOM
injection and administration of 2-3 cycles of 3% DSS. The implementation of endoscopic
equipment for small animals has enabled the monitoring of tumour development in individual
animals without the necessity of their sacrifice. For that purpose, the week before the sacrifice of
the mice, we performed a colonic endoscopy (n=4-5) to evaluate the extent of tumor development,
using a scoring system of tumor size developed by Becker and colleagues (2006) (304), as
described in the materials and methods section. Mice receiving iMSCs exhibited a significantly
reduced tumor size grade (Figure 29A). In addition, an endoscopic analysis of colitis severity
showed a reduction in intestinal inflammation in iIMSC-treated mice (Figure 29B) which is in

accordance with the DAI, and colon weight/length ratio previously mentioned.

After sacrifice, colons were opened longitudinally and tumor load and size assessed. Tumor
volume was then calculated as detailed in the materials and methods section. In line with the
predominant localization of CRC in humans AOM/DSS induced tumors were located in the distal
part of the colon and rectum (Figure 29C). Moreover, comparable to their human counterparts,
AOM-induced tumors showed a polypoid-like growth. We observed that iMSC-treated mice had
significantly fewer tumors, compared to untreated AOM/DSS mice (Figure 29D). In contrast to
other studies ((280-282, 323-325), we also found that tumors in iIMSC-treated mice were
significantly smaller (Figure 29E, and F), compared to those of untreated AOM/DSS mice.
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Figure 29. iMSC administration to AOM/DSS-treated mice reduces tumor number and size.

(A) One week before mice sacrifice colonoscopy was performed in 4-5 mice/group and.
Representative images were taken (left) and tumor size grade (right) and (B) colitis severity in
colonoscopies were analysed as described by Becker C et al. (2007) (304). (C) Representative
images of colons removed from CAC control (leff) and CAC+iMSCs (right) mice after their
sacrifice. Then, (D) tumor number, (E) tumor larger diameter, (F) tumor volume and, (G) tumor
size distribution were assessed. Groups with distinct letters (a-b) show significant differences (P

< 0.05). Values are represented as mean (SEM).

12. EFFECT OF IMSCS ON COLONIC TISSUE INFLAMMATION, TUMOR

PROGRESSION AND APOPTOSIS

At the day of sacrifice, representative colonic specimens (n=6) were taken precisely 1 cm from

the rectum and transversal colon sections were processed as previously described to perform a
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H&E staining. Then, the stage of development of the tumors was assessed by a pathologist. In
the case of CAC control samples, 5 out of 6 presented at least one polypoid adenocarcinoma
covering almost the whole colonic lumen (data not shown). Nevertheless, the presence of tumors
in iIMSCs treated mice was less frequent - only 1 sample out of 6 presented a tumoral mass, which
correlates with the previous tumor load data. In general, tumors were classified as polypoid
adenocarcinomas in situ, since tumor invasion into muscularis mucosae was only evident in two
samples (one from each group). The epithelial compartment showed to have lost cellular polarity
and a cribriform pattern with intraglandular necrotic debris. When it comes to inflammation, the
AOM/DSS control group exhibited a lower number of goblet cells combined with areas of edema
and ulceration and bigger areas of lymphoplasmacytic infiltration. These data suggest that late
iMSCs administration at the peak of the disease induced a protection against a further DSS cycle

and exerted a sustained suppression of the intestinal inflammation.

control CAC control CAC+iIMSCs

Figure 30. Histological H&E sections of representative colonic samples. (Left),
representative colonic section of a control mouse in which normal tissue architecture is completely
conserved, (middle), representative colonic section of a CAC control mouse where we can
observe a bigger diameter colon size when compared to the healthy control. In the higher
magnification image, we can observe the above mentioned cribriform pattern together with
intraglandular necrotic debris and a neoplastic stroma, and (right), colonic section of a iIMSC-
treated mouse in which we can observe an atypical glandular disposition in combination with
some glandular infiltration to the muscularis mucosae. Also, signs of inflammation are present but

tissue architecture is, in general, better preserved.

Despite the strong anti-inflammatory effects and the reduction of tumor burden in the colon of
iMSC-treated mice, we could not detect the iIMSCs presence in the distal colons by IHC employing

an anti-human nuclei specific antibody. As shown in Figure 31, iIMSCs positive control was
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properly stained with the AF488 anti-human nuclei antibody. Nevertheless, any positive signal
was detected in iIMSCs-treated mice colons (bigger images) when compared to CAC control

sections (smaller images) (Figure 31A).

Also, to further understand the mechanisms involved in the iIMSCs-mediated protection and
subsequent reduced carcinogenesis, a basic cellular function, as it is apoptosis, was evaluated
by the TUNEL assay (Figure 31B). We found that cell death was significantly higher in CAC
control mice when compared to healthy control ones. In turn, iMSCs treated mice presented in-
between cell death levels (Figure 31C). These data correlate with the H&E histological findings
described above, and as described by Koliaraki et al. (2015), decreased levels of apoptosis
indicate a reduction in the tissue damage typically observed after a DSS challenge (268). This
leads to a lower urgency of compensatory proliferation and so, could be related with a reduced

dysplasia.
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Figure 31. Treated CAC colon sections lack iMSCs homing and present a reduced cell
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death. (A) Colonic tissue sections from iMSC-treated mice (bigger images) showed no iMSC
homing in comparison with the untreated CAC negative controls (smaller images). A iMSCs
culture was used as positive control (leftmost image). (B) Representative images of TUNEL
stained colon sections from control, CAC control and CAC+iMSCs experimental groups showing
cell death through apoptosis. Apoptotic cells are stained in green and nuclei in blue (Hoechst
33342). (C) The graph shows TUNEL* cells/field, and data are represented as +SEM range,
median (middle line) and extreme values (whiskers) of 4-5 mice/group. Groups with different

letters (a-b) show significant differences (P < 0.05).
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13. IMSC ADMINISTRATION DOWNREGULATES INFLAMMATORY MEDIATORS

THAT DRIVE TUMORIGENESIS.

We next analyzed the expression of immune/inflammatory mediators that promote CAC in the
AOM/DSS model and also, in IBD patients. Gene expression analysis in the colonic tissue showed
that the proinflammatory cytokines il-6 and tnf-a were significantly increased in CAC control mice,
whereas iIMSC-treated mice exhibited reduced levels (Figure 32A). Similarly, both il-17 and il-23
(p19 subunit), which are known cytokines that promote CAC development (255, 256), were
significantly upregulated in CAC control mice in contrast to healthy controls, and presented a
lower expression in iIMSC-treated mice (Figure 32A). In addition, the IL-23-inducible gene mmp-
9, involved in extracellular matrix degradation, and angiopoietin-2 (Angpt-2), that participates in
angiogenesis, were reduced in iIMSC-treated mice in comparison to CAC untreated ones (Figure

32A). Both are prognostic factors associated with poor survival in CRC (255, 326).

The expression/activation of some relevant mediators of inflammation-induced cancer in mice
and humans like IL-6 (Figure15C, left), pSTAT3/STATS3 (Figure 32C, right), COX-2 (Figure 32E,
left) pAKT/AKT (Figure 32E, right), B-catenin (Figure 32G, left) or Bax/Bcl-2 (Figure 32G, right)
were analyzed by Western blot in colonic protein lysates from control, CAC and iMSC-treated
mice (n=4). Overall, we found a significantly higher expression of these proteins in CAC control
mice when compared to healthy control mice. Only, in the case of IL-6 differences in expression
levels were slight (Figure 32C, left). However, the expression or activation of mediators was
significantly reduced in the colon of iIMSCs treated mice (Figure 32C, and D). It is well known that
DSS acts disrupting the intestinal epithelial barrier, which results in the exposure of the
submucosa to various luminal antigens and the induction of high expression levels of
inflammatory molecules such as cyclooxygenase-2 (COX-2), inducible nitric oxide synthase
(iNOS), or IL-6 (265, 266, 302). In the AOM/DSS mice model, augmented IL-6 levels and COX-2
promote the activation of the JAK1-2/STAT-3 and PI3K/AKT signaling pathways, leading to an
increased tumoral epithelial proliferation, resistance to apoptosis and so, tumor multiplicity (217).
Administration of iIMSCs to AOM/DSS treated mice significantly decreased the expression of all

these intermediaries (Figure15 B, C, D and E).

One of the many other molecular features that the AOM/DSS model of CAC recapitulates of
human CRC, is the dysregulation of the Wnt/B-catenin axis in part due to mutations in the Ctnnb1
gene, overexpression of COX-2 and dysregulation of some miRNAs expression (208, 264, 327-
329). Despite the described COX-2 upregulation in CAC mice, the CRC-associated low-molecular
weight (LMW) B-catenin was not significantly increased when compared to CAC untreated mice
(330). However, an increasing tendency could be observed (Figure 32G, right). Interestingly, in
the case of Bax/Bcl-2 ratio we found a statistically significant higher ratio in CAC control mice in
comparison to the CAC+iMSCs group. These data correlate with the previous TUNEL assay

findings (Figure 31D), indicating augmented levels of apoptosis in colonic cells. Taken together,
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these data suggest that even late administration of IMSCs can prevent the inflammation-induced

dysregulation of tumor promoting pathways.
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Figure 32. iMSCs downregulate the expression of some key molecules that drive CAC
development and progression in AOM/DSS mice. (A)Total RNA was extracted from colons

collected on the day of sacrifice and the gene expression of various inflammatory mediators was
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determined by RT-qPCR. Concretely, gene expression of the cytokines II-17, 1I-23-p19, Tnf-a, II-
6, mmp-9 and Angpt2 was assessed. Data expressed as mean(SEM) of n=8 mice/group. The
effect of iIMSC administration on some key proteins was evaluated by western blot in colonic
lysates (n=4). Specifically, we performed a (B) IL-6, pSTAT3, STAT3, (D) Cox-2, pAkt, Akt and
(F) Bcl-2, Bax and LMW B-catenin western blot analysis and then calculated the corresponding
expression of these proteins by (C),(E) and (G) densitometric analysis, respectively. Except for
the case of the protein ratios pSTAT3/STAT3 and pAkt/Akt, B-actin was used as loading control.
Groups with different letters (a-b) exhibit statistically significant differences (P<0.05). Graphs
without letters reflect no significant differences between groups. Box plots represent +tSEM range,

median (middle line) and extreme values (whiskers).

14. AOM/DSS CONTROL MICE PRESENT HIGHER AMOUNTS OF
INFLAMMATORY LY6C" MHCII"'CCR2* MONOCYTES

We aimed to characterize the mechanisms by which iIMSCs lessen AOM/DSS driven CAC
development. With that purpose, at the day of euthanasia, blood was drained from mice (n=5)
and the evaluation of monocytic subpopulations was performed through flow cytometry analysis.
The gating strategy is described in the materials and methods section. The analysis of blood
leukocytes in blood showed clear differences between CAC control and healthy control mice, with
the number of circulating CD11b* myeloid cells being significantly raised in the latter (Figure 33A).
Importantly, the CD11b* predominant population was the monocytic-macrophagic one, as shown
in Figure 33B, and C.
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Figure 33. iMSC administration modulates the monocyte subpopulations composition in
blood of AOM/DSS mice. Total number of (A) CD11b* myeloid cells, (B) Ly6C- CD64- CD11c*
MHCII* dendritic cells, and (C) CD64* monocytes-macrophages in blood of CAC mice. (D) Total
number of Ly6C" MHCIIF monocytes in the three different groups. (E) From the latter, a high
number also expressed the CCR2 chemokine receptor, known to be fundamental in monocyte
migration to inflamed tissues. (F) Ly6C-MHCII* non-classical total monocytes present in the three
experimental groups. Box plots represent +tSEM range, median (middle line) and extreme values
(whiskers). Groups with different letters (a-b) exhibit statistically significant differences (P<0.05).

Graphs without letters reflect no significant differences between groups.

During homeostasis Ly6C"MHCI-monocytes are known to travel to the intestine in a CCR2-CCL2
dependent manner. Once in the lamina propria, they maturate and ensure tissue resident
macrophages replenishment (165, 175, 331). In figure 33 we show an accumulation of
Ly6C"MHCII- (classical) inflammatory monocytes (Figure 33E) that also expressed CCR2*
(Figure 33F) in CAC control mice blood in comparison with healthy control and iMSCs treated
animals. Thus, the accumulation of this population confirms higher levels of inflammation in CAC
control mice and supports iIMSCs antiinflammatory activity. Although no significant differences
were found, marked tendencies appeared in other relevant immune populations such as dendritic
cells (Figure 33B) or non-classical Ly6C- MHCII* macrophages (Figure 33G). In both cases,

iIMSCs treated mice presented a number of cells similar to that found in healthy control mice.

15. IMSC ADMINISTRATION MODULATES THE INNATE IMMUNE CELL
COMPOSITION IN THE DISTAL COLON IN AOM/DSS MICE

In view of the described blood findings, we also aimed to analyze the immune cell composition in
the colons of healthy, CAC, and iMSC-treated mice. For that, we dissociated colonic tissue from
each group (n=3-4) and performed a flow cytometric analysis, assessing several innate immune
cell populations. Consistent with the increased colon weight of CAC control animals (Figure 28D),
total number of intestinal cells was also increased in CAC control mice (media=16x10° cells) in
comparison with healthy controls (media = 3.8x108 cells) and the iMSC treated group (6.9x108
cells). Although we did not observe any statistically significant differences between groups -
mainly due to low sample number - some of the analysed populations presented clear tendencies.
Among them, CD11b* myeloid cells (Figure 34B), neutrophils (CD45*/CD11b*/Ly6G*) (Figure
34C), eosinophils (CD45*/CD11b*/Ly6G/MHCII/SSCM) (Figure 34D) and Ly6CMMHCII-
monocytes (Figure 34F), presented the bigger differences among the CD45* leukocyte
compartment (Figure 34A). Importantly, these populations were also the most abundant in colonic
tissue. As previously reported, neutrophils and eosinophils are good estimators of the grade of
inflammation, being usually increased in colonic samples of ulcerative colitis (332-334). These
correlates with our results, in which neutrophil and eosinophil cell number was increased in the

CAC control group in comparison with healthy and iMSC-treated animals (Figures 17C, and D).
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Figure 34. The monocytic-macrophage compartment appears to be altered in colonic
tissue of CAC mice. Total number of (A) CD45* cells, (B) CD11b*, (C) neutrophils and, (D)

eosinophils in colonic tissue of AOM/DSS treated mice. (E) Representative gates from control,

CAC control and CAC+iMSCs mice showing the F4/80* monocyte-macrophage differentiation
waterfall. Total number of (F) immature CD86* macrophages, (G) Ly6C"MHCII- and, (H) Ly6C-
MHCII* monocytes and, (I) mature Ly6C-MHCII*CD206* macrophages in the three experimental

groups. Graphs without letters reflect no significant differences between groups.

Also, as stated above, it has been demonstrated that the CCL2-CCR2 axis mediates the

recruitment of Ly6C" monocytes to the intestine both in steady state and in inflammatory

conditions. Once in the lamina propria, Ly6Ch monocytes differentiate into Ly6C-MHCII* tissue
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resident macrophages through a monocyte-macrophage differentiation waterfall. In an
inflammatory context, this maturation waterfall is arrested at the Ly6CMMHCII- stage and these
cells accumulate as inflammatory macrophages with a M1-like inflammatory phenotype that
supports the preexistent inflammatory milieu (168). This monocyte-macrophage maturation
waterfall is shown in Figure 34E, which illustrates the accumulation of the initial Ly6C" population
in the inflamed colon of CAC animals as well. Again, the administration of iMSCs almost restored
the balance of newly recruited/mature macrophages in the colon, similar to that of healthy mice
(Figure 34G, and H). In accordance with the previously described, M1 (CD86*) immature
macrophages (variable expression of F4/80, MHCII and Ly6C), we did observe an increase of
this population in the CAC mice in comparison to tumor free and iIMSC-treated mice (Figure 34F).
In contrast, the quantity of tissue resident-like Ly6C- MHCII* CD206* macrophages (Figure 341)
was higher in iMSC-treated animals in comparison with both control groups. In summary, our data
highlight a substantial modulation of innate immunity in the colons of CAC mice. Furthermore, the
therapeutic capacity of iMSCs could correlate with their ability to skew the composition of innate
immune cells towards that observed in healthy mice. Nevertheless, no significant differences were

obtained.

16. THE T CELL COMPARTMENT COMPOSITION IN MESENTERIC LYMPH
NODES (MLNs) FRom AOM/DSS CONTROL MICE DIFFERS FROM THAT IN
IMSC-TREATED MICE

We also aimed at characterising the immune cell population at local secondary lymphoid organs
(MLNSs). With that purpose, cells isolated from MLNs were assessed by FACs (n=5). Interestingly,
flow cytometry analysis showed that the CD4* cell number was slightly higher in the CAC control
than in the CAC+iMSCs group (Figure 35A). Th1 (CD4*IFN-y*) and, specially, Th2 (CD4*IL4*)
cells were strongly increased when compared to healthy controls (Figure 35B, and C). The last
being directly related with the onset of ulcerative colitis (buscar referencia). IMSC treatment
partially restored Th2 (Figure 35C) cells levels and, to a lesser extent, Th1 ones (Figure 35B). By
contrast, Th17 (Figure 35D) and Tregs (Figure 35F) numbers were mainly increased in the
CAC+iMSCs group, and intermediate levels were found in CAC control mice. Both are relevant
mediators of tumorigenesis and though Th17 can have a protective role during the onset of
inflammation, exacerbated Th17 responses can lead to chronic inflammation and tissue injury,
promoting tumor development. On their part, Tregs control exacerbated immune responses,
limiting Th17 response among others (335). Additionally, Th17/Treg ratio (Figure 35G) has been
described to be altered in IBD patients(336) and, though we did not find significant differences,
a marked upward tendency appeared in the CAC control group. In relation with one of the most
important compartments in cancer immunosurveillance, an important increase of CD8* and Tc1
(CD8*IFN-y*) cells (Figure 35H, and I) was observed in CAC+iMSCs mice in comparison to CAC
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control mice. In conclusion, our data point out a considerable modulation of the T cell

compartment in the MLNs of AOM/DSS mice.
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Figure 35. iMSC administration modulates the T lymphocyte response in MLNs of
AOM/DSS mice. (A) Total CD3*CD4*, (B)Th1 (CD4* IFN-y*), (C) Th2 (CD4* IL-4*), (D) Th17
(CD4* IL-17A*) and (F) Tregs cells measured in mesenteric lymph nodes in CAC mice. (E)
Representative gates from control, CAC control and CAC+iMSCs mice showing the CD4 vs. CD8

T lymphocyte distribution, where we can mainly observe CD4+ cells outnumber the almost
missing CD8+ compartment in CAC control mice. (G) Resultant Th17/Treg ratio from the previous
data. (H) Total CD3+CD8+ and (I)Tc1 (CD8*IFN-y*) cells in MLNs of AOM/DSS mice. Box plots

represent +tSEM range, median (middle line) and extreme values (whiskers). Groups with different
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letters (a-b) exhibit statistically significant differences (P<0.05). Graphs without letters reflect no

significant differences between groups.

17. IMSCsS ADMINISTRATION AMELIORATES THE GUT DYSBIOSIS IN CAC

MICE

The effects of IMSCs treatment on the gut microbiota were explored since gut dysbiosis plays a
crucial role in many diseases, including colorectal cancer. Thus, when faecal microbiota was
evaluated by lllumina sequencing, the distribution histogram of relative abundance of taxa
showed that although Bacteroidetes and Firmicutes were the most abundant phyla found in faecal
microbiota other phyla including Verrucomicrobia and Actinobacteria could be crucial in this study
(Figure 36A). In fact, as previously reported, the microbiome composition is altered in the
AOM/DSS mice model. Accordingly, our results revealed an increase of Firmicutes and
Actinobacteria abundances in CAC control mice, while the relative abundance of Bacteroidetes
and Verrucomicrobia was reduced in this group (Figure 36A) in comparison to control mice. The

administration of iIMSCs improved these shifts to values similar to the control group (Figure 36A).
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Figure 36. Impact of iMSCs administration on CAC mice microbiota composition.
Concretely, it was evaluated (A) the effect on bacterial community at phylum level, (B) beta-
diversity by principal coordinate analysis score plot and microbiome diversity by (C) Observed
OTUs, (D) Shannon diversity and (E) Chao1 richness. Data are expressed as mean(SEM).
Groups with different letters (a-b) exhibit statistically significant differences (P<0.05). Graphs

without letters reflect no significant differences between groups.

Additionally, the principal component analysis (PCoA) based on weighted unifrac separation
resulted in different separated bacterial communities. The bacterial communities from the
CAC+iMSCs mice were closer to the healthy control group than to the CAC control mice (Figure
36B). Several ecological features of the gut bacterial communities were also evaluated in the
three experimental groups by different parameters including Observed OTUs (Figure 36C),
Shannon diversity (Figure 36D) and Chao1 richness (Figure 36E). While any change was
observed in Chao1 richness index (Figure 36E), OTUs and Shannon parameters were
significantly reduced in the CAC control group compared to the control mice (Figures 36C, and
E). iIMSC administration was able to restore both ecological parameters to normal values
(Observed OTUs: p= 0.0233; Shannon diversity: p= 0.1730) (Figures 36D, and E).
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In the intestine, epithelial cells and iIMCs create a physical barrier, effectively separating the
microbiome from the underlying tissues and immune system (337). Although it is well documented
that iIMCs play important roles in intestinal health and disease, the true nature of their
immunomodulatory capacity is not clear and warrants further research. The aim of the current
thesis has been to characterize the tissue regenerative and immunomodulatory capacities of
human iMSCs in vitro and in vivo, in two experimental mouse models of ulcerative colitis and
AOM/DSS derived cancer.

1. ISOLATION AND CHARACTERIZATION OF IMSCs

As mentioned above, MSCs from different tissues exhibit distinct transcriptomic profiles,
differentiation and immunomodulatory capacities (17-21). A study by Xu et al. (showed that the
BM-MSCs have a stronger osteogenic potential compared to adipose-tissue derived MSCs
(ASCs), whereas ASCs are more prone to adipocyte differentiation (338). This contrasting
differentiation potential correlated with the methylation status of the main transcription factors
controlling MSC fate, demonstrating a tissue-specific epigenetic memory that is maintained upon
in vitro culture. The same has been demonstrated for MSC in the intestine. Pinchuk and
colleagues showed that CD90* intestinal stromal cells expressed PD-L1 and PD-L2 in situ.
Importantly, PD-L1/-L2 expression was maintained on these cells upon in vitro culture and further
experiments showed their importance in suppressing the proliferation of CD3/CD28-activated T
cells in a cell contact-dependent manner (106). In another study, Saada showed that colon
myofibroblasts (CMF) express HLA class Il in situ and in vitro. Studies in vitro showed that CMFs
had the ability to process and present MHC class ll-restricted antigens to CD4* T cells, suggesting
role as nonprofessional APCs capable of modulating mucosal immune responses (109). Taken
together, these data show that MSCs retain, at least in part, their tissue specific characteristics
through multiple passages in vitro, making it feasible to analyze, at least to some extent, the

tissue-specific properties of iIMSCs in vitro.

Evidence suggests that iMSCs derive from bone marrow-derived gremlin* MSCs (339). In this
study we have isolated iIMSCs based on plastic adherence, resulting in the selection of a
heterogeneous collection of fibroblastic cells that probably includes fibroblasts and
myofibroblasts. After 2-3 passages in vitro these cells adopted a homogenous phenotype (CD31-
CD34 EpCam-CD45-CD73*CD90* CD105* Vim*), similar to that of MSCs from bone marrow and
adipose tissue (340, 341), which was maintained in culture upon serial passaging. They also
showed the ability to form discrete colonies (CFU-F) when seeded at low density, and possessed
the capacity to differentiate into adipocytes, osteoblasts and chondroblasts, following then the
minimal criteria defined by the ISCT to be considered MSCs (15).
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2. COCULTURE OF IMSCs wiTH PBMCs

Several reports have shown a role of human iMCs in intestinal immune tolerance. Firstly, human
colonic myofibroblasts promote intestinal tolerance through the expansion of
CD4*CD25N9"Foxp3* regulatory T cells (107). Secondly, human colonic CD90* stromal cells
express programmed death-ligand (PD-L)-1 and PD-L2 which they use to suppress the
proliferation of CD45RA*CD4* T cells in a cell contact—dependent manner (106). We found that
iMSCs could inhibit the proliferation of PBMCs (both CD4* and CD8* T cells) induced by PHA-L.
Pre-stimulation of iIMSCs with TNF-a and IFN-y increased their immunosuppressive capacity in
vitro, which correlated with an induction of IDO mRNA expression. IDO is highly up-regulated in
the inflamed intestinal mucosa, but its expression has primarily been detected in intestinal
dendritic cells and colon epithelial cells in IBD patients. Inhibition of IDO increases disease
severity, while TLR9-mediated induction of IDO protects against experimental colitis (341, 342)

highlighting the relevance of IDO in regulating intestinal inflammation.

While IDO is a well-known IFN-y-inducible inhibitor of T cell proliferation used by human BM-
MSCs and ASCs (340, 343), to our knowledge, no study has analysed the expression/function of
IDO in iIMSCs. In addition to the transcriptional induction of IDO in iIMSCs, we found a significant
increase in IDO enzyme activity in the PBMC:iMSC cocultures. However, inhibition of IDO did not
result in a complete reversion of suppression, indicating that iMSCs use additional mechanisms
to inhibit T cell responses. Interestingly, we found that some iMSC cell lines depended to a higher
degree on IDO, suggesting that their immunomodulatory capacity and its underlying mechanisms
vary with donor, and most likely, experimental conditions (344). In summary, our data

demonstrate that iMSCs can use IDO to inhibit T cell proliferation.

While IDO activity would be beneficial in suppressing inflammation/immune responses in IBD, it
has been shown that IDO is expressed by cancer-associated fibroblasts in human esophageal
cancers, likely contributing to an immunosuppressive tumor microenvironment (345). Thus,
context is of key importance when modulating IDO activity in human disease. Finally, human BM-
MSCs cells have been shown to exhibit broad-spectrum antimicrobial effector function mediated
by IDO (295). Whether iIMSCs/iMCs, via IDO, can play a role in shaping the gut microbiota is

unknown.

3.IMSCs MODULATION OF CULTURED THP-1 CELLS

Although iMCs have been shown to promote mucosal tolerance, several reports have highlighted
a pro-inflammatory role of iMCs in IBD. Kinchen and colleagues observed a remodeling of the
colonic mesenchyme in IBD patients characterized by the emergence of a pro-inflammatory iMC
population which prevented epithelial healing and promoted disease (199). Furthermore, West

and colleagues showed that oncostatin M (OCM) is up-regulated in IBD patients compared to
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healthy controls which induces a pro-inflammatory response in intestinal mesenchymal cells
(346). Importantly, high levels of OCM correlated with a decreased responsiveness to anti-TNF-
a therapy. Recently, Martin et al. (201) and Smillie et al. (200) characterized inflammatory cell
modules in the affected intestinal mucosa of CD and UC patients which associate with resistance
to anti-TNF-a therapy. In addition to epithelial and immune cells, these modules contained
inflammatory iMCs with the ability to recruit monocytes to the site of inflammation.
Monocytes/macrophages play important roles in the pathogenesis of IBD (347) and recent data
suggest that anti-TNF-a monoclonal antibodies exert their beneficial effect on IBD through the
induction of immunomodulatory macrophages (348). BM-MSCs and ASCs have previously been
shown to induce anti-inflammatory macrophages with which ameliorate experimental sepsis and
colitis (349, 350). However, few studies have analyzed the effect of human iIMSCs on macrophage
polarization (351) and to this end we employed the human leukemia monocytic THP-1 cell line
which is an adequate model for analyzing macrophage polarization into the M1 and M2 activation
states (352). We show that iMSCs, as well as their conditioned medium, could inhibit the LPS-
induced production of TNF-a by THP-1-derived macrophages. This is in agreement with previous
studies, where murine and human BM-MSCs and ASCs induce M2 macrophages, mainly via
production of PGE2 (320). How iMSCs reduce the production of TNF-a by THP-1 macrophages
is not known. We found that TNF-a/IFN-y induced the expression of several genes involved in the
polarization of M2 macrophages, including TSG-6, HGF and IL-6 (320). However, additional
studies are necessary to specifically evaluate the involvement of these factors in the
immunomodulatory function of iMSCs. Further insight into how iIMSC can induce anti-
inflammatory macrophages could help in re-educating the inflammatory iMSC populations that

appear in IBD patients.

4. EFFECT OF IMSCS ADMINISTRATION IN A MOUSE MODEL OF ULCERATIVE

COLITIS

In order to confirm the immunomodulatory and tissue regenerative properties of iMSC in vitro, we
decided to analyze their effects in vivo, using the DSS-model of acute intestinal inflammation in
C57BL/6J mice. This is a convenient and reproducible experimental model that resembles the
main manifestations of IBD, concretely, this model has been used to study the innate immune
mechanisms in intestinal inflammation and simulates human IBD by promoting an exaggerated
Th2 immune response (). Due to similarities in intestinal development, the diversity of species
within the Firmicutes, Bacteroidetes, and Proteobacteria phyla, and the nature of the immune
responses between mice and humans, these models have markedly advanced our understanding
of human IBD (353). Although only a fraction of all biologics that have been evaluated in
experimental colitis has reached the clinic (including monoclonal antibodies targeting TNF-q, IL-
12/IL-23, and a4-integrin), a better knowledge of the characteristics of the employed models and
an improved targeting specificity will surely increase the future translational success rate (354,

355). The use of the mouse colitis model allows a precise control of the induction and progression
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of the disease, something that cannot be replicated easily using human biopsies/resections from

IBD patients.

It needs to be pointed out that we have evaluated the human iIMSC in a xenogeneic setting. Some
reports have highlighted species incompatibilities that prevent the proper evaluation of human
MSCs in rodent models (343, 356). A notable difference is that murine MSCs use iNOS to inhibit
T cells, whereas human MSCs use IDO (357). Despite this, human MSCs have been shown to
inhibit the proliferation of murine T cells, in part via PGE2 (358, 359). In addition, the
immunomodulatory and tissue regenerative capacity of human MSCs has been evaluated in
multiple xenogeneic mouse models of disease with successful results, comparable to those of
murine MSCs (360). These data suggest that xenogeneic models for the evaluation of human
MSCs are valid and robust. Still, care needs to be taken when evaluating data from xenogeneic

experimental settings.

We injected the iIMSCs intraperitoneally since this route has proven the most adequate based on
therapeutic efficacy and migration of MSCs towards the inflamed intestine (361, 362). We show
for the first time that injection of IMSC, one day after the start of DSS administration, significantly
decreased the colitis severity and weight loss. Injection of IMSCs resulted in a reduction of colonic
inflammation, evidenced by a decreased immune infiltration and down-regulation of inflammatory
mediators in the colon. In addition, we observed an increment, although not significant, in the
Argl/inos ratio, suggesting a polarization of macrophages towards an M2 response, which is in
agreement with our in vitro results using THP-1 cells. These data are in accordance with the anti-
inflammatory effects seen using MSCs from different tissues in experimental colitis (363) and

again shows that iIMSCs from the healthy intestine possess immunomodulatory capacity.

We found that administration of iIMSCs protected the intestinal epithelial barrier against the DSS-
induced damage, which is consistent with our observation that the IMSC-CM can promote wound
regeneration in vitro. This is also supported by recent studies demonstrating that murine
CD90*CD34*gp38* iMCs are important for the maintenance of intestinal epithelial stem cells (364,
365). One possible mediator providing this protection could be PGEz2, which is known to stimulate
epithelial growth, inhibit epithelial apoptosis during insults and potentiate WNT-signaling (53,
366). However, we found higher levels of proliferating (Ki67*) cells in the colons of DSS mice
compared to iIMSC-treated mice which is in contrast to studies showing an increased intestinal
epithelial proliferation after MSC administration to colitic mice (367). Nevertheless, several studies
have demonstrated that DSS-induced epithelial damage is followed by a compensatory increase
in epithelial cell proliferation (368-371). Consequently, our data suggests that, in our experiments,
iMSC administration does not promote intestinal barrier integrity by promoting epithelial cell

proliferation, but rather by protecting against DSS-induced tissue damage.

We thus proceeded to evaluate the extent of apoptosis in the colonic tissue in our experimental

groups. Although there was an increase in TUNEL-positive/apoptotic cells between healthy and
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DSS-treated mice, we unexpectedly found a significantly higher number of TUNEL-positive cells
in the iIMSC-treated group compared to DSS mice. Although surprising, this agrees with several
studies demonstrating that MSCs, via IDO (372) or FAS-L (373) can induce apoptosis of T cells,
playing a pivotal role in their ability to ameliorate colitis (373, 374). In addition, it has also been
reported that MSC-derived membrane particles can induce selective apoptosis of pro-
inflammatory monocytes (375). Although our data show that iMSC administration results in a clear
improvement of the integrity of the intestinal barrier in colitic mice, further investigations are

needed to understand the mechanisms behind this observation.

Interestingly, several recent studies have shown that BM-MSCs can be polarized into pro-
inflammatory “MSC1” or anti-inflammatory “MSC2” phenotypes when primed via TLR4 and TLR3,
respectively (39, 376). Regarding iMCs, Beswick recently reported that the expression of PD-L1
on iMCs in CD decreases, making them unable to efficiently control the pathogenic Th1
responses. Furthermore, TLR4 signaling increased the PD-L1-dependent inhibition of T cells by
iMCs (285). These data suggest that the microbiota can modulate both the tissue regenerative
and immunomodulatory capacity of IMSCs. As the dysbiotic microbiome seen in IBD patients has
been shown to drive IBD pathogenesis, further studies should investigate its effect on

immunomodulatory properties of iIMSC.

In summary, we have shown that iIMSCs isolated from the healthy human intestine promote
epithelial wound closure and possess the capacity to modulate immune/inflammatory responses
in vitro and in vivo. Our data might be relevant for the development of new therapies targeting the

dysregulated intestinal stroma in IBD.

5. IMSCs AND AOM/DSS ASSOCIATED CANCER DEVELOPMENT

Colorectal cancer is a serious complication of IBD, induced by chronic inflammation and resulting
in tumors with a worse prognosis compared to sporadic CRC (377, 378). Current treatments of
IBD, including immunosuppressive thiopurines and anti-TNF-a monoclonal antibodies can reduce
the incidence of CAC (379, 380). However, varying response rates and adverse effects, including
a possible promotion of new or recurrent cancers due to inhibition of immune responses against

tumor cells and oncogenic viruses warrant the search for complementary treatments (381, 382).

As previously stated, MSCs hold great promise as a cell therapy for inflammatory/autoimmune
diseases and are currently approved for the treatment of complex perianal fistulas in CD patients
(383). However, it has been shown that in vitro-expanded MSCs can adopt protumorigenic
properties in vivo as mentioned in the introduction. Since IBD patients have a higher risk of
developing intestinal tumors, it is important to evaluate their CRC-promoting properties under
such conditions. Furthermore, MSCs have been proposed as a vector when trying to deliver anti-
cancer drugs to tumors but such an approach could be potentially dangerous if one ignores the

tumor-promoting effects of MSCs.
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Figure 37. Summary of previous CAC studies administering MSCs. Different protocols based

on administration of AOM in combination with DSS are schematically represented.

To date only a few studies have analyzed the effects of non-genetically modified syn-, allo- and
xenogeneic MSC on tumor induction/growth and immune responses in rodent models of CAC
(Figure 37). While MSC administration generally reduced tumor formation/growth to various
degrees, TNF-a/IFN-y-prestimulated iMSC surprisingly promoted tumor development (280-282,
284, 323). The low number of studies and contrasting data warrants further studies on the effect
of MSCs, from different tissues, on CAC. Thus, having demonstrated that iMSCs from the healthy
human intestine inhibit experimental colitis, we wanted to confirm this immunomodulatory
potential, but also evaluate possible protumorigenic properties of iIMSCs, in a model of CAC. To
this end, we selected a model based on the use of AOM in combination with DSS, due to our
interest in the study of tumor progression driven by chronic colitis. Although some other authors
have previously reported the development of CAC in a model in which mice develop tumors within
a period of 20 weeks after a single cycle of DSS (265, 383), we used the model described by

Neufert et. al (2007), based on three cycles of DSS. This protocol reproduces chronic
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inflammation - including flares of remission or higher activity - which is thought to be the driving
force of tumor progression development in CAC (302). Importantly, this model, as mentioned in
the introduction, mimics several aspects of inflammation-induced CRC in humans (264, 265, 267).
In the AOM/DSS CAC model, aberrant crypt foci can be seen about two weeks after the initial

AOM injection, while macroscopically visible lesions can be observed from week 3-4 (233, 384).

As shown in Figure 37, in contrast to previous studies, we injected iMSCs at the disease peaks
of the second (week 4-5) and third DSS administration (week 7-8), i.e. at a time when visible
lesions are already present. Despite the increased serum levels of both IFN-y and TNF-a
observed during active colitis (284), our late injections of iIMSCs did not adopt the pro-tumorigenic
phenotype described by Hu and colleagues (284), but instead significantly and permanently
reduced both the intestinal inflammation and tumor numbers. Furthermore, in contrast to
published data, we detected a decrease in both tumor number and size (280, 281, 323, 324). This
reduction in inflammation was also manifested by a marked reduction in edema, ulceration and
leukocyte infiltration together with a lower frequency of tumors in equivalent haematoxylin and
eosin colonic tissue sections. These findings, in part, justify the increased colonic apoptosis found
in CAC control mice in comparison to iIMSC treated ones, since lower levels of apoptosis are
indicative of a higher integrity of the epithelial barrier, usually disrupted after a DSS challenge

(268). This observation was also confirmed by higher Bax/Bcl-2 ratios in CAC control mice.

We did not detect the injected iMSCs in the intestine at the time of sacrifice (seven weeks after
the last injection), which is consistent with their rapid disappearance and limited engraftment in
mouse models (325) and in human patients (385). These data suggest that a delayed MSC
administration results in a transient modulation, albeit with long lasting effects, of the intestinal
immune response which results in an efficient inhibition of CAC severity through a reduction in
cancer initiation (linked with a reduced number of tumors) and progression (linked to a reduced
tumor size) (302). This immunomodulation exerted by iIMSCs resulted also in a lower weight of
the spleens extracted from CAC+iMSCs mice (Figure 28C), in comparison with the CAC control

group, which is related to the grade of inflammation (386).

As stated before, the development of this subtype of inflammatory CRC is associated with a
continuous inflammatory response. For that reason, we can find some upregulated levels of
certain proinflammatory cytokines that are also reported to be elevated in IBD. Concretely, we
measured the presence of the inflammatory related cytokines IL-23a (subunit p19), IL-17, TNF-a
and IL-6 at mRNA level. We found that all these inflammatory mediators were significantly
increased in CAC control mice in comparison with healthy controls, while the CAC+iMSCs group
presented reduced levels that were statistically significant in the case of tnf-a. IL-23 and IL-17,
are known protumorigenic drivers that are implicated in colorectal cancer development (256)
usually linked to poor prognosis and a more aggressive disease (387). In 2012, Grivennikov and
colleagues reported that IL-23 can be released by tumoral myeloid cells - mainly macrophages -

activated by microbial products signaling (256). Then, IL-23 can activate the Th17 mediated
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immune response, leading to the release of high amounts of IL-17A and the activation of the
STAT3 signaling pathway on malignant cells. This can be achieved either by IL-17A direct
engagement with its receptors or by IL-17A induction of the IL-6-producing myeloid compartment
(387). In fact, AOM/DSS-induced CAC is also characterized by high IL-6 levels and dense
immune cell infiltration/stromal increase (265, 266, 302, 388) and activation of the transcription
factor STAT3 through IL-6/sIL-6R trans-signaling has been reported to lead to enterocyte survival
and proliferation, which enhances tumor multiplication (233, 235, 389). il-6 mRNA elevated
colonic levels were also confirmed at protein level in CAC controls and were accompanied by a
significant increase in STAT3 activation. The CAC+iMSCs group presented reduced levels of
these two mediators that were statistically significant in the case of IL-6. TNF-a levels are also
known to be highly induced in IBD (390) and CAC (227). Importantly, TNF-a can both activate,
and be upregulated by, NF-kB signaling, which contributes in perpetuating inflammation and, in

consequence, promotes tumorigenesis (217).

Among other similarities between the AOM/DSS-induced CAC model and human CAC, we find
frequent mutations in Kras, dysregulation of the Apc/B-catenin signalling pathway and increased
levels of the enzymes COX-2 and iINOS (265, 266, 302, 388)). In agreement, we found an
increased expression of CRC-associated (3-catenin and COX-2 - statistically significant in this
case - in the intestines of CAC mice that was reduced in iMSC-treated mice, correlating with the
tumor burden within the groups (Figures15 E and G). In fact, one of the described procarcinogenic
effects of COX-2 is through the modulation of B-catenin, since aberrant COX-2 signalling
stimulates the transcription of the Ctnnb1 gene (217, 251). COX-2 signalling has also been related
with Akt phosphorylation and induction of the PI3K/Akt signalling pathway (391, 392), usually
found active in human carcinomas and associated with enhanced cell growth, survival and
metabolism. At the same time, PI3K/Akt activation leads to the phosphorylation of the B-catenin
regulator GS3K-3, resulting in an enhanced activation of the B-catenin signaling pathway. In
accordance, we found a significant elevated ratio of pAkt/Akt expression in the colon of CAC

control mice when compared to healthy control and iMSC treated mice.

6. IMSC MODULATION OF THE CAC DEVELOPMENT THROUGH THE
INTESTINAL IMMUNE SYSTEM — INNATE AND ADAPTIVE CELLS

As said before, this model is characterized by an elevated presence of cytokines that are involved
in the migration of myeloid cells to the inflamed intestine such as CCL2 (393). This correlates with
the fact that during intestinal inflammation, neutrophils and Ly6 Ch"MHCII- inflammatory monocytes
are gradually recruited in a CCR2-CCL2 manner to mount an appropriate immune response. In
steady state, these newly recruited Ly6CMMHCII- monocytes promptly differentiate into mature
tissue resident Ly6 C-MHCII* monocytes through a monocyte-macrophage differentiation waterfall
(394). However, during inflammation, the standard differentiation process is disrupted and newly

arrived Ly6 C"MHCII-monocytes together with early intermediary macrophages accumulate in the
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intestine. These accumulated monocytes and macrophages are responsive to TLR ligands and
have been described to be proinflammatory (175). In line with the latter, we found that CAC control
mice presented significantly increased numbers of circulating Ly6CM"MHCII-=CCR2* monocytes,
and at the same time this population also increased in the colon. Moreover, we observe a higher,
although not significant, total number of immature CD86* M1-like inflammatory monocytes when
compared to the healthy control and the CAC+iMSCs groups. This finding connects with the
previously reported elevated il-23 expression in the intestine, since as we discussed, IL-23
release is directly attributed to TLR activated M1-like macrophages (256). Additionally, these
release inflammatory mediators such as NO, ROI, TNF-a, IL-12, IL-23, IL-6 and IL-1( which cause
tissue damage, as well as activating other inflammatory cells including Th1 or Th17 effector cells
(331). Moreover, previous studies have suggested that monocytic cells recruitment through the
CCL2-CCR2 axis increases colon tumor numbers in mice (389);(395)). Then, these CCL2-
recruited monocytes could contribute to tumor survival by being polarized to TAMs (tumor

associated macrophages) (396).

In CRC, granulocytes and macrophages in the tumor microenvironment (TME) produce ROS and
RNS that can cause DNA damage and resulting mutations (397, 398). In addition, Bogdan et al
(399) found that neutrophil-derived hypochlorous acid can increase the levels of 5-chlorocytosine
in the DNA which results in CpG mutations in the genome. Furthermore, tumor-infiltrating
cytotoxic T lymphocytes release IFN-y which induces copy number alterations in tumor cells due
to the modulation of DNA damage response/repair pathways (400). Thus, both chronic
inflammation and antitumoral immune responses can promote genomic instability and

carcinogenesis.

Neutrophils are not usually found in the healthy intestine (401). However, in recent years it has
become clear that neutrophils play an important role in promoting tumorigenesis through several
mechanisms (402). Shang et al. showed that progression of CAC in the AOM/DSS model was
accompanied by an increased infiltration of neutrophils expressing CXCR2 into the colonic
submucosa. Remarkably, injection of neutrophil-neutralizing antibodies after the last DSS cycle
reduced the number and size of tumors (403). In addition, it has been well established that IL-17
promotes the activation and accumulation of neutrophils at sites of inflammation (404). In
accordance, we observed a marked decrease in the numbers of neutrophils in the colons of IMSC-

treated mice in comparison to CAC mice, which correlated with the mRNA levels of IL-17 in each

group.

Apart from neutrophils, eosinophils are thought to play a major proinflammatory role in IBD and
are increased in the intestinal mucosa in both CD and UC patients (332). In a series of elegant
experiments, Polosukhina and colleagues demonstrated that DSS-administration induced a
significant increase in colonic eosinophils in colitic mice compared to control mice. Disruption of
Ccl11, an eosinophil chemoattractant, markedly reduced the numbers of intestinal eosinophils in

colitic mice. Furthermore, Ccl11/- mice, when subjected to AOM/DSS, had decreased histologic
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injury, fewer tumors, and a reduced colonic eosinophil infiltration in comparison to wild type mice
((405)). In accordance, we detected an increased number in eosinophils in CAC mice that was

reduced in iIMSC-treated mice.

In summary, we show that iIMSCs have the capacity to markedly decrease colonic inflammation,
partly restoring the monocyte/macrophage balance, and reducing granulocyte infiltration in the
colonic mucosa. It is well known that TNF-a and IFN-y stimulation of MSCs and iMSC increase
their capacity to inhibit T cell responses, partly through the induction of IDO (406-408). Injection
of IFN-y receptor-deficient MSCs cannot reduce GvHD.(406), and IFN-y/polyl:C pretreatment of
MSCs increase their therapeutic effect in DSS-colitis, via the induction of IDO (409). It is therefore
surprising that administration of TNF-a/IFN-y pre-stimulated MSCs to the AOM/DSS model results
in an increased tumor promotion and progression as shown by Hu et al. (284). However, TNF-a
stimulation of human BM-MSCs induced the secretion of CCL5, which promoted CRC growth in
vitro and in vivo, upregulating the B-catenin pathway (410). Summarizing the reports on MSCs in
AOM/DSS-induced CAC, non-primed MSCs injected into the AOM/DSS model home to the
inflamed intestine only when injected i.v. In addition, there is a possibility that the MSCs that reach
the tumor site could, depending on their stimulation in the TME, promote tumor growth via their
differentiation into cancer-associated fibroblasts or via theirimmnosuppressive capacities. In this
sense, IFN-y induces IDO expression in MSCs (411), and high IDO expression in the intestine
can promote CRC by promoting a local tryptophan depletion and inactivating T cells (412, 413).
However, based on our experiments, we could not detect any protumorigenic properties of iMSCs
isolated from healthy tissues. Additionally, we did not find iMSCs homing neither in the CAC model
(probably due to the time period after the last injection) and neither in the 7 days-DSS study (data
not shown). Therefore, all these data lead us to conclude that injected iIMSCs do not reach and/or
persist in the inflamed colon and rather induce a systemic immunosuppression by other means,

as previously reported by other groups (363).

7. MIcroBIOTAIN IBD AND CAC

Itis widely known the connection between chronic inflammation and the origin of cancer, although
the pathophysiological mechanisms of IBD and CAC is not clear, many studies have highlighted
the relationship between the commensal gut microbiota and host immune system as a key factor
in the promotion of colitis and then CAC (414, 415). In fact, the activation of immune signaling
pathways by bacterial components can break homeostasis and generate a pro-neoplastic
inflammatory environment. Many metagenomic analyses have provided strong evidence that not
only microbial populations in CRC tissues differ from the microbiota of healthy host tissues, but
also that specific members of the microbiota may contribute to the development of a
proinflammatory atmosphere that triggers CRC. In this sense, several human and animal studies
have shown that both conditions, IBD and CRC (including CAC), present an altered gut microbiota
and, more concretely, a reduction in microbial richness and diversity (416-418). Accordingly, we
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obtained similar results in the DSS colitis and AOM/DSS -induced CAC models, which showed,
in both cases, a modified microbial profile with decreased diversity and richness. As commented
before, this is in agreement with previously published data (155, 323, 419). Interestingly, when
the control group was compared with DSS mice in both animal models, the relative abundance of
Firmicutes was increased and the abundance of Bacteroidetes and Verrucomicrobia was
reduced. It has been suggested that bacteria belonging to the Firmicutes phyla, such as
Clostridium difficile and Ruminococcus gnavus, are specific to the faecal microbiota of patients
with preneoplastic lesions, including adenomas and hyperplastic polyps (420, 421) and colitis
(422, 423). Therefore, the overgrowth of this phylum that we have observed both in the DSS mice
and CAC group could be explained by the overgrowth of these species. Conversely, the reduced
abundance of Bacteroidetes and Verrucomicrobia observed in DSS and CAC mice versus the
control group is in accordance with several studies that have shown the implication of these phyla
in the normal development of the gastrointestinal tract. Regarding Bacteroidetes phylum, its
composition with different butyrate-producing species would explain our results. It is well known
that butyrate has an important role in maintaining a healthy gut, restoring the energy metabolism
and reducing the inflammatory process in experimental colitis due to its immunomodulatory
activity, but also it has demonstrated a potential protective effect against colorectal cancer (424-
426). Furthermore, in our results Verrucomicrobia was found to be more abundant in control mice
in both animal models. Akkermansia is a crucial genus from Verrucomicrobia phylum. Many
studies have revealed that Akkermansia has an important role in regulatory effects on gut
homeostasis by producing beneficial metabolites. In fact, the authors have reported that lower
colonization and abundance of Akkermansia are characteristic of colitis and CRC (including CAC)
conditions (427-429). These studies are in agreement with our findings. When the MSCs
treatment was evaluated, the results revealed that IMSCs administration managed to restore the
microbial profile as well as increase the beta and alpha diversity. Very little has been done
regarding the effects of iIMSCs treatment on gut microbiota composition, but a recent study
explored the preventive effects of bone-marrow derived MSCs on the same CAC model and also
found that they could change B-diversity but not abundance of the gut microbiome (323). The
interplay between iMCs and microbiota needs to be further explored, but it seems to be a two-
way communication. On one hand, iIMCs express TLRs and NLR and respond to bacteria,
potentially acting as “non-professional innate immune cells” (1). Moreover, Beswick et al. found
that CD90* iMSCs, via TLR4-induced PD-L1 expression, could promote mucosal immune
tolerance (285), and certain iMCs in the gut-associated lymphoid tissues could regulate bacteria-
specific IgA production and thus the diversity of the gut microbiota (293). On the other hand,
Ciorba et al. found that the probiotic Lactobacillus rhamnosus, via TLR2-induced COX-2/PGE:2
expression by iIMSCs, could protect against radiation-induced intestinal epithelial damage (430).
Considering the ability of the microbiota to reprogram the function of intestinal epithelial cells, it
would be plausible that the microbiota or their metabolites could “educate” or change the iMCs

composition and/or function, thus promoting a healthy or a diseased gut, as occurs in IBD and
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CRC. In the same way, an altered stroma could also promote dysbiosis that could play a crucial

role in the development of these diseases.

8. SUMMARY

Applicability/scientific importance of our work

We belive that understanding the biology of iIMSCs is important for several reasons. First, recent
studies have shown that iMSC can adopt a proinflammatory, disease-promoting phenotype in
IBD. Beswick recently reported a decrease in the expression of PD-L1 on iMCs in Crohn's
disease, making them unable to efficiently control the pathogenic Th1 responses in the colon
(285). Thus, a continuous characterization of the tissue regenerative and immunodulatory
capacities of iIMSCs in vitro can provide novel parameters to study in a disease setting, and if

compromised, restore them (therapeutic targets).

Second, our studies of iIMSCs can also be important for improving current cell therapies using
MSCs from other tissue origins. We do not consider intestinal resections to be a source of MSCs
for cell therapy purposes. However, a recent study showed that Serpina3n, expressed by the cells
in the intestinal stroma, is important for the resolution of inflammation in colitis (431). This
information could help us in designing allogeneic MSC therapies for IBD, selecting MSCs by their
capacity to produce serpina3n and/or PD-L1 expression. Thus, our current and future
characterization/analysis of iIMSCs could aid in designing allogeneic MSC therapies for IBD or
CRC, with the aim of replacing/reeducating resident iMCs that are exhausted or have diverted
from their physiological functions, as suggested by Signore et al., (432) and Barnhoorn and

colleagues (203).
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CONCLUSIONS

1. In vitro expanded iMSCs from human intestinal resections are MSC according to the
minimal criteria proposed by the ISCT, and can be used for analyzing their properties in
vitro and in vivo.

2. iIMSCs inhibit T cell proliferation and LPS-induced expression of TNF-a in macrophages,
and promote wound healing in vitro, behaving as MSCs from other tissues.

3. IMSCs ameliorate DSS-induced acute colitis in mice, reducing the inflammatory
responses, protecting the integrity of the intestinal barrier and restoring the altered gut
microbiota.

4. iMSCs reduces tumor progression in CAC in mice due to their potent anti-
inflammatory/immunomodulatory effects, also reverting the gut dysbiosis induced by the
disease.

5. New drugs for the treatment of IBD and CAC could be developed aiming to

restore/enhance the properties of iMCs.
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ABRREVIATIONS
o-SMA  a smooth muscle actin
AOM Azoxymethane
CAC Colitis associated cancer
cbh Crohn'’s disease
CFSE Carboxyfluorescein succinimidyl ester
CFU-F  Colony forming unit fibroblast
CM Conditioned medium
COX-2 Cyclooxygenase-2
CRC Colorectal cancer
DAI Disease Activity Index
DCs Dendritic cells
DMEM  Dulbecco’s modified eagle’s medium
DSS Dextran Sodium Sulfate
DTT Dithiothreitol
EDTA Ethylenediaminetetraacetic acid
FACs Fluorescence-activated cell sorting
FBS Fetal bovine serum
FoxP3  Forkhead box P3
GAPDH Glyceraldehyde 3-phosphate dehydrogenase
GSK3 Glycogen synthase kinase 3
GVHD Graft versus host disease
HGF Hepatocyte growth factor
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HLA Human leukocyte antigen
H&E Hematoxylin and eosin
IBD Inflammatory Bowel Disease

ICAM-1 Intercellular adhesion molecule-1

IDO Indoleamine 2,3-dioxygenase
IFN Interferon
IL Interleukin
iMCs Intestinal mesenchymal cells

iMSCs Intestinal mesenchymal stromal cells

iNOS Inducible nitric oxide synthase
ISCT International Society for Cellular Therapy
LPS Lipopolisaccharide

MLNs Mesenteric Lymph Nodes

MMPs Matrix metalloproteinases

MSCs Mesenchymal Stromal Cells

NFAT Nuclear factor of activated T cells

NFkB Nuclear factor kappa B

NLR Nod-like receptors

NO Nitric oxide

PBMCs Peripheral Blood Mononuclear Cells

PD-L1 Programmed death-ligand 1

PFA Paraformaldehyde

PGE: Prostanglandin E2
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PMA

RNS

ROS

SD

STAT

TAMs

TGF

Th

TLRs

Treg

TSG-6

uc

Z0-1

Phorbol 12-myristate 13-acetate

Reactive nitrogen species

Reactive oxygen species

Standard derivation

Signal transducer and activator of transcription

Tumor associated macrophages

Transcription growth factor

T helper

Toll-like receptors

Regulatory T lymphocytes

Tumor Necrosis Factor a—Stimulated Gene 6

Ulcerative colitis

Zonula occludens-1
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4. TRAINING COURSES AND OTHER MERITS

- Capacitacion para manipulacion de material radiactivo no encapsulado de la IRA 1679
realizado en el Instituto de Biomedicina y parasitologia “Lépez-Neyra” (CSIC). Fecha de
finalizacién 28/10/2016.

- Realizacion del curso “Introduccion al disefio de nucleétidos para PCR” de 20 horas de
duracién organizado por la Universidad de Granada. Fecha de inicio-fin: 24/04/2018 -
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