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ABSTRACT

Macrophages and their interactions with the lamina propria and luminal
microenvironment are crucial in the pathogenesis of Crohn’s disease (CD), a
chronic inflammatory disease with a strong inflammatory innate immune
involvement. Therefore, interpreting macrophage activity in the intestinal
microenvironment may identify treatment targets beneficial for at least a
subgroup of patients. The overall aim of this thesis was to establish innate
immune cellular and molecular mechanisms driving intestinal inflammation
and fibrosis in CD. In more detail, it was aimed to determine the inflammasome
components and TREM-1 receptor expression in CD in relationship to
macrophage phenotypes, as well as to evaluate the effects of the CD fecal
microenvironment on macrophages and fibroblasts phenotypes. The first paper
showed that inflammasome component expression in CD was location- and
cell-specific, and MEFV and NLRP3 inflammasome expression in ileal CD
was attributed to the accumulation of immature macrophages. The second
paper demonstrated that TREM-1 expression was higher in CD and attributed
to increased numbers of immature macrophages increase in CD, defined as
CD14°CDI11c"HLA-DR™Migh a5 well as lamina propria microenvironment
changes in CD. The third paper established that the CD fecal
microenvironment polarize the in vitro tissue-resident macrophages into a
more pronounced anti-inflammatory phenotype while induce pro-
inflammatory but no fibrosis-related changes on intestinal fibroblasts.

Overall, this thesis concludes that the increase of inflammasome and TREM-1
expression on macrophages, and the influence of fecal microenvironment on
macrophages might be potential targets for treating CD. Forthcoming studies
should aim to provide functional understanding and identify therapeutic targets
in larger patient cohorts to meet the needs for improved treatments.
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SAMMANFATTNING PA SVENSKA

Makrofagen ar en celltyp som tillhér det medfodda immunforsvaret och spelar
en viktig roll vid Crohn’s sjukdom (CD), en kronisk inflammatorisk sjukdom
1 mag-tarmkanalen. Makrofager samspelar med tarmens mikromilj6 och har en
central roll i sjukdomens uppkomst. Genom att studera hur sjukdomen
paverkas av makrofagerna i tarmen kan nya behandlingsstrategier som kan
hjélpa vissa patienter utvecklas. Den dvergripande malséttningen med denna
avhandling var att faststélla celluldra och molekyldra mekanismer inom det
medfodda immunforsvaret som driver inflammation och fibros i tarmen vid
CD. Mer specificerat var syftet att faststilla uttrycket av olika komponenter
hos inflammasom-komplex och TREM-1-receptorn och deras relation till
makrofagers egenskaper, samt att utvirdera effekterna av tarmens fekala
mikromilj6é pa makrofager och fibroblaster vid CD. Den forsta artikeln visade
att uttrycket av inflammasom-komponenter vid CD var plats- och
cellspecifika, och uttrycket av  MEFV och NLRP3-inflammasomen i
tunntarms-CD kopplades till ackumulering av omogna makrofager. Den andra
artikeln demonstrerade att uttrycket av TREM-1 var hogre vid CD, vilket var
associerat till 6kat antal omogna CD14"CD11c"HLA-DR""ig" makrofager,
samt fordndringar i mikromiljon i lamina propria. Den tredje artikeln
faststéllde att tarmens fekala mikromiljo vid CD polariserade alternativt
aktiverade makrofager till en mer uttalad antiinflammatorisk fenotyp samtidigt
som proinflammatoriska, men inte fibrosrelaterade, fordndringar inducerades
hos fibroblaster.

Den sammantagna slutsatsen av denna avhandling dr att det 6kade uttrycket av
inflammasom-komponenter och TREM-1 hos makrofager samt den fekala
mikromiljons paverkan pad makrofager kan vara potentiella méal f6r behandling
av CD. Framtida studier bor syfta till 6kad funktionell forstielse av sjukdomen
samt identifiering av nya terapeutiska mal i storre patientkohorter for att mota
behoven av forbéttrade behandlingsstrategier.
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DEFINITIONS IN SHORT

Healthy human

The comprehensive definition of health according to the
World Health Organization “Health is a state of complete
physical, mental and social well-being and not merely the
absence of disease or infirmity”®. From a social
perspective, personal definitions of health and being
healthy are subjective. For the purpose of this thesis and
research work I define healthy as merely the absence of a

diagnosed and/or reported disease/condition/syndrome.

Homeostasis

Refers to a steady/stable state or normal functioning of a
living organism.

Inflammation

A process during which the immune system intervenes,
through inflammatory cells, to fight an infection or heal
tissue injury/damage. An ongoing inflammation can be
provisory (until the body is able to eliminate the
infection/damage) or more long term (where there is
absence of infections or injury but there is an ongoing
chronic disease keeping inflammation process on).

Cytokine

Ample and diverse category of proteins characterize by a
small size (ca. 5-25 kDa). They are important in cell-
mediated signaling and immune responses. They interact
with specific cytokine receptors on the same cell that
produces the cytokine or nearby cells. Cytokines can also
have effects on distant cells/organs (via the circulation),
causing systemic effects of inflammation, for example
causing fever or the production and release of acute phase
proteins from the liver as well as release of neutrophils
from the bone marrow.

Effector cells

In the immunology context effector refers to a cell which
performs a specific action/function in response to a
stimuli/trigger. An effector cell in other words is an active
cell within a certain biological environment.
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Mesentery

“a fold of the peritoneum™ which attaches the stomach,
small intestine, pancreas, spleen, and other organs to the
posterior wall of the abdomen.”

“ *the serous membrane lining the cavity of the abdomen

and covering the abdominal organs.””

Short lived and
long lived cells

In immunobiology characterizes the sustained presence of
a cell. These expressions are used frequently for plasma
cells but for some innate immune cells there is grey area
in defining whether they are short or long lived. This is
due to similarities between subsets that make it
challenging to distinguish whether a cell is derived from
an older cell or just polarized differently.

Phagocytosis

Phagocytosis is a function of many immune cells
(typically macrophages and neutrophils but also dendritic
cells), also called phagocytes, which engulf large particles
(including microbes) by means of their plasma membrane
with the aim to eliminate them to clear up the
environment.

Efferocytosis

The term refers to the process of clearance of apoptotic
(dying) cells in our bodies. It is a function performed by
professional phagocytes (mainly macrophages and
dendritic cells) and non-professional cells with low
phagocytic capacity (epithelial cells, fibroblasts). This
function is essential for the maintenance of tissue

homeostasis (clearance).'®!!

Complications

A medical complication is a predictable or unpredictable
result of a disease, syndrome, or treatment of these.
Complications affect the quality of life as well as the
severity of the disease as they lead to new symptoms or
even new diseases related to the initial one.

Receptor

In the immunobiology context and this thesis, a receptor
is a molecular structure, typically of proteinic nature, that
senses and converts signals presented to them. The ligands
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activating a receptor, and hence triggering a physiological
response in the cell, can for example be bacterial
components, small chemical molecules, proteins and/or
cell metabolism byproducts.

Apoptosis Apoptosis is a manner of controlled cell death. The
process starts with blebbing (swelling), followed by a
reduction in cell size, and nucleus component-related
changes.

Pyroptosis Pyroptosis is an inflammatory manner of controlled cell
death happening by formation of plasma membrane pores
and terminating in cell bursting.

++ and + | “The + denotes an expression level that is ~ 10-fold above

labeling the isotype control and ++ is ~ 100-fold above the isotype
control. "'

“high”, “int”, | Also used in flow cytometry to refer to expression levels

“dim” labeling

of a specific cell marker on cells that are positive for that
marker. “high” meaning a marker is highly expressed in
those cells, “int” meaning an intermediately expressed,
“dim” meaning a marker is lowly expressed. All compared
to a “normal” expression that is anyway context specific.

Hematopoietic

Refers to cells or proteins of hematopoietic origin: various
factors that are involved in the creation of blood cells.

Pleiotropic

It refers to a protein which performs different functions
and is involved in numerous immune reactions. A
pleiotropic protein can show pro- or/and anti-
inflammatory actions depending on the context: the cells
that produce it, stage of the inflammatory process, the
signaling pathway. Used to describe the IL-6 cytokine in
this thesis, however, it is not a unique term to IL-6, as it is
used for many other proteins and genes.

Subset

A part of a larger group of a specific immune cell type.
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1 INTRODUCTION

With this chapter my aim is to touch upon relevant topics that were the focus
of the research work included in this thesis. The introduction is meant to
summarize and narrate the basics of the topic, focusing on the
disease/cells/receptors under investigation.

1.1 THE HUMAN INTESTINE IN HEALTH

The human gastrointestinal tract (GIT) is one of the largest organs of the
human body whose main function is to absorb and digest nutrients necessary
for the functioning of the human body. The intestine, or lower part of the
gastrointestinal tract, is also a barrier that helps keep pathogens and our own
microbiota separated from the underlying tissue. In general terms, the
intestinal mucosa is formed by a single layer of intestinal epithelial cells
(IECs), immune cells and stromal cells. IECs are covered by a mucus layer,
above and within which the intestinal microbiota is found (Figure 1) as one of
many communities of microbes found in human mucosas (e.g. intestinal, skin,
airway). The barrier is formed in four main ways. First, the intestinal mucosa
forms a physical barrier with the IECs covered by mucus which is more or
less dense depending on the section of the intestine considered.!* Second, the
barrier can be biochemical meaning that bile and gastric acids besides helping
in digestion can aid killing of microorganisms. Third, the intestine has an
immunological barrier formed e.g. by immunoglobulins and antimicrobial
peptides that contribute to pathogen elimination. Finally, it contains cells, such
as dendritic cells and intraepithelial lymphocytes, that penetrate or situate in
proximity of the IECs and can recognize microbes (Figure 1).

Beneath the [EC layer of the intestine is found the lamina propria (LP) layer,
a dynamic immune compartment. Effector immune cells in the lamina propria
belong to both the lymphoid lineage (T and B cells) as well as myeloid lineage.
Myeloid lineage cells, such as macrophages (Mfs) and dendritic cells, are key
drivers of the innate immune responses within the intestinal immune milieu.
Upon physiological stimulation, for instance during infections or diseases,
immune cells communicate with each other and with the IECs through a
complex network of cytokines and soluble proteins (“the common
language™).'* In addition, within the LP layer are found lymphoid structures
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such as Peyer’s patches, gut-associated lymphoid tissue, mesenteric lymph
nodes (in the mesentery), in all of which the priming of adaptive immune
responses occurs.' (Figure 1)
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Figure 1. Immuno-anatomy of the healthy human small intestine (ileum) simplified by
showing cell and molecules of the intestine. Color greyed cells were not touched upon in
this thesis whereas colored cells were studied to different extents.

Immune cells and IECs contribute to proper functioning of the intestine during
health and homeostasis. During health, the intestinal IECs form a barrier to
the luminal passage, communicate with the microbiota and actively produce
antimicrobial peptides and mucins. Upon facing microbiota, IECs produce
mediators (cytokines, chemokines) that signal to the underlying immune cells,
or transport pathogenic components.'® Some underlying immune cells in the
LP have as focal function maintaining of the homeostasis by eliminating
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dead/apoptotic cells by for instance efferocytosis (macrophages), processing
of pathogens and presentation of their antigens (dendritic cells, macrophages).

The human intestine is also a self-healing tissue able to repair numerous
temporary damages during health.!” It is able to do so by employing immune-
like cells in the stromal compartment which bi-directionally communicate with
immune cells to maintain homeostasis.!® The main cells of the intestinal
stromal compartment are fibroblasts, which in different stages and activation
phases are named differently (myofibroblasts, trophocytes, telocytes).
Fibroblasts contribute to maintenance of homeostasis by bi-directionally
communicating with IECs and immune cells (both intraepithelial and LP)."
However, the fibroblast location within the intestinal mucosa (Figure 1), hence
the phenotypical surface marker expression, dictates the function and fate of
specific fibroblasts. For instance fibroblasts expressing alfa-smooth muscle
actin (a-SMA) are subepithelial fibroblasts that have been associated with the
contractile trait of myofibroblasts.?

1.2 INFLAMMATORY BOWEL DISEASES

In the onset of several intestinal diseases, there is a switch from physiological
homeostasis or health, to an acute and finally chronic inflammation of the
intestinal mucosa. One group of these diseases is inflammatory bowel disease
(IBD). IBD is a class of gastrointestinal diseases with the major entitites
Crohn’s disease (CD) and Ulcerative colitis (UC). In the next subchapter I
divide CD and UC but mainly focus on CD for the purpose of this thesis. Both
CD and UC for historical reasons have been, and continue to be, studied side
by side?! because they manifest with several similar symptomatology.
However, the two diseases are clinically and immunologically/biologically
very different.

The number of people with diagnosed IBD between 1990 and 2017 increased
from 3.7 million to more than 6.8 million (85.1% increase) in global cases.?
IBD pathogenesis is very multifaced but the disease is believed to develop by
a combination of factors acting in collaboration, such as genetic predisposition,
changes in the gut microbiota, immune system dysfunction and
environmental factors.”> Regarding the immune system dysfunction, hence
chronic inflammation occurring in the intestine of IBD patients, it leads to
abnormal immune responses that drive disease pathogenesis and progression.?*
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Therefore a lot of efforts have been made to investigate IBD from an
immunological standpoint. In fact, most of the effective treatments (also called
biologics) target immune circuits in IBD (e.g. anti-TNF treatment)®. Current
IBD treatments cither are limited or function only in a fraction of patients or
do not stop the development of complications which drastically affect the
patient’s quality of life. To add to the complexity and challenges of treatment
investigations is that of a notable patient- and immunological-variability.
Hence, huge efforts are being made to understand patient subgroups, responses
to therapy (responders vs non-responders), active disease vs remission, and
finally why certain complications, such as formation of stenotic tissue, occur
and how they can be prevented/treated. Efforts to understand and study the
disease more in depth increasingly consider the immunological aspects as key
drivers of disease pathogenesis.

1.2.1 DISEASE ACTIVITY IN CD

CD is a chronic disease characterized by alternating periods of active
inflammation and remission while the disease progresses into more severe
complications (Figure 2) for most patients. Despite all the efforts, there is no
cure for CD, and the efficacy of treatments varies greatly across patients.
Patients with CD suffer from mild to severe symptoms and clinical
manifestations, including: diarrhea, fever, fatigue, pain, feces with blood,
mouth sores, weight loss, drainage around the anus (fistula), extraintestinal
inflammation (multiple organs), kidney stones, anemia, malabsorbtion.?®?” For
most patients the disease progresses into complications, that can arise shortly
or long after diagnosis®®, such as strictures, obstructions, fistulas, vitamin and
mineral deficiencies and/or even cancer. CD complications together with
symptoms drastically impact the everyday quality of life of patients and some
of these complications also require major surgery with long recovery times and
surgery-related complications.

A patient with CD is assessed to have active disease when a clinician
establishes the activity via a series of questionnaires and measurements. To
establish with certainly if a patient has active disease (inflammation), one of
the following is needed: endoscopy (or gastroscopy if the upper Gl is affected),
magnetic resonance imaging, or ultrasound. However, sometimes these can be
considered too invasive. Following, other assessments are made such as of
biochemical markers and/or symptoms. For this thesis work, the Harvey-
Bradshaw Index (HBI) (Paper I and II) and Crohn’s Disease Endoscopic Index
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of Severity (CDEIS), C-reactive protein (CRP), calprotectin (Paper III) were
used.

CDEIS is an index used to define activity focused on endoscopic activity in
patients with CD. Patients having CDEIS >5 are considered to have ongoing
active CD. The CDEIS evaluates the rectum, sigmoid and left colon, traverse
colon, right colon, and ileum in the GIT of patients with CD.?* For each colonic
segment, the presence of various types of ulcerations as well as stenoses are
measured. These measurements are added and the total index can range from
0 to 44, where the higher the CDEIS number the more severe activity the
patient has.’*?° The practice of CDEIS, although widely used in research,
requires further investigations to define operating terms®® and is normally
performed by a gastroenterologist. Patients having a HBI > 4 are regarded as
having ongoing active CD. HBI is a questionnaire that is composed by nearly
half of the questions that can be regarded patient subjective (pain,
diarrhea/number of liquid stools, general wellbeing) and half of them as more
objective (abdominal mass, complications).*! However, it is easily obtainable
and widely used in research®, as it does not require performing an endoscopy
or biochemical tests. This was also the reason that it was established just before
the surgery, given that our CD cohort was a surgical cohort (Paper I and II).

Besides questionnaire- and endoscopy-based indexes, there are also a few
commonly used biochemical markers for defining the disease activity in
patients with CD. CRP, an acute phase protein used as a serological marker
and calprotectin, analyzed in feces, are good measurements of either colonic
CD but less reflective for ileal involvement (calprotectin) or better for ileal
disease than colonic (CRP).**** In the intestine, calprotectin is released by
activated neutrophils which recruitment in increased during CD inflammation.
Of note, although the measures above are commonly used, further new
biomarkers, such as myeloperoxidase (MPO), human neutrophil lipocalin
(HNL), and eosinophil-derived neurotoxin (EDN) are being compared with the
widely used calprotectin marker.* In addition, indexes and scores such as the
simplified magnetic resonance enterography index and ultrasonographic score
are under discussion for defining the activity in ileal CD.**3” The ideal scenario
would include the use of scores, indexes and markers that are specific not only
for CD in general terms but that can stratify CD in subgroups such as ileal,
colonic, ileocolonic. Since it is frequently not valuable to use a single marker,
score, or index to define the disease status or patient subgroup, a combination
of markers, scores, and indexes is progressively gaining wider use in research
in order to confirm the occurrence of real activity and flares.
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1.2.2 COMPLICATIONS IN CD

Complications characterizing CD can arise in patients at any stage of the
disease and can manifest locally in the GIT or distantly in other organs.
Furthermore, specific factors such as ileal involvement and perianal disease®®,
as well as male sex>®, have been associated with incidence of complications in
CD. In addition, given that inflammation in CD can be transmural in nature,
meaning a loss of the 5-layer structure of the intestine, some of the common
complications occurring locally are strictures (stenosis) and fistulas. Strictures
in CD are clinically defined as either inflammatory or fibrotic strictures. This
clinical classification does not reflect the biology of the stricture (the
underlying processes) but is rather a coarse naming, by clinicians, to indicate
if the stricture has responded to anti-inflammatory drugs (that they name
inflammatory stricture) or not (that they name fibrotic stricture). However,
biologically strictures are very complex and not-well defined, and the activity
of both fibrotic processes and inflammatory processes (immune cells
involvement) contribute to the formation of the stricture a priori. Strictures are
the end stage and are formed by fibrotic build up, hence narrowing of the GIT
lumen, and it is predicted that circa 70% of patients with CD will develop
strictures 10 years after diagnosis.’® Current treatment for already developed
strictures include surgery or dilatation by an inflated balloon. Regarding pre-
stricturating status, some biomarkers are proposed to predict which patients
with CD are more at high risk to develop a strictures, such as nucleotide-
binding oligomerization-containing protein 2 (NOD2) variants.** Serological
biomarkers have been proposed for differentiation of stricturating behaviors,
such as those for collagen turnover.*! However, there is no way to prevent the
formation of strictures per se and all the consequences that come from it.
Complications in CD, related to fibrosis, make it difficult to study CD disease
using animal models (e.g. TNBS, DSS-induced colitis, IL-10"" mice) where the
disease develops rapidly. Despite many animal models being useful in studying
candidate treatments, inflammatory processes, wound healing mechanisms and
immune cell dynamics, they cannot fully reflect the human CD complexity
including the transmural inflammation and penetrating segments or the
heterogeneity of patients.***
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1.2.3 DIFFERENCES BETWEEN CD AND UC

Ulcerative colitis (UC) also falls within the IBD categorization. Papers I and
II cover a few aspects related to UC hence it is important to distinguish UC
from CD. Like CD, UC is a disease characterized by chronic intestinal
inflammation but while CD can occur anywhere in the GIT, UC is limited to
the colon (Figure 2). Unlike CD, inflammation in UC is continuous.
Furthermore, inflammatory lesions in patients with UC are typically proctitis
(i.e. in distal colon) or left-sided colitis, but in about 20% of the cases affects
the full colon (defined as pancolitis or extensive colitis).** The human colon
has a thickened mucus layer and a higher load of microbiota compared to small
intestine.'® By using proteomics on mucus of UC patients it has recently been
shown that structural components of the colonic mucus in UC are decreased in
both inflamed and non-inflamed areas. IEC goblet cell secretory responses to
microbes occurs regardless of inflammation suggesting this to be an event
happening on disease onset.*

Regarding innate immunobiological aspects, studies have shown important
differences between UC and CD both in the intestinal tissue and blood.*o47:48
For instance blood from patients with active CD separated from active UC by
an increased population of TL-1p* dendritic cells, IL-1B* monocytes, and fewer
group 1 innate lymphoid cells.*® In addition, genetic studies have shown
variants, such as NOD?2, to be protective for UC but to increase the risk for
CD.*¥ NOD?2 is an intracellular pattern-recognition receptor (PRR) and plays
a role in immune responses by recognizing specific structures in the bacterial
cell wall named muramyl dipeptide™. Differences in the role of NOD2 in CD
and UC pathogenesis suggest specific and distinguished innate immune
responses in these two diseases.

Although CD and UC present overlapping symptoms (abdominal pain, blood
in feces, weight loss), separate scores are used to define disease activity in
these two diseases. One of the disease activity scores used most in research and
clinics for UC is the Mayo score,”’ which was also used in papers I and II of
my thesis. The Mayo score includes questions on the frequency of bowel
movements, rectal bleeding, endoscopic findings and the global assessment by
the gastroenterologist.’! There is the Full Mayo score and a simplified version,
the Partial Mayo score®?, which excludes for instance the endoscopy part. Both
Full and Partial Mayo scores are use in research. While a number of clinical
trials assessing therapeutic drugs use the Mayo score, there is still an ongoing
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debate on specific cut offs of the score for remission, clinical significance and
validity.>>*
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Figure 2: Disease course in CD with longitudinal dynamics (bottom) and visual differences in
disease localizations between CD and UC.

1.2.4 CD AND INTESTINAL INNATE IMMUNITY

CD 1is mainly characterized by chronic intestinal inflammation, but the
discontinuous, transmural inflammation can arise anywhere in the
gastrointestinal tract (Figure 2). However, inflammation in approximately 80%
of cases affects the distal part of the small intestine (CD ileitis, CD ileocolitis)
and in approximately 30% of cases affects the colon (CD colitis).* Patients
with CD have an impaired intestinal barrier function that, by letting passage of
food and microbial components (Figure 2), can shift different protective innate
immune mechanisms of the intestine.>> Mechanisms related to intestinal barrier
function include alterations of intestinal PRRs, compromised mucus layer,
increased permeability, and changes in antimicrobial peptides production. As
a consequence the mucosal epithelium is breached creating an easy way for
bacteria and food particles to pass into deeper layers of the mucosa.’® For
instance, IECs such as goblet cells, which are responsible for mucus
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production, are shown to have a higher differentiation ratio and an association
inflammation in CD that was not shown for UC.%” Below the epithelium, the
intestine of patients with CD have a stretched LP layer. The enlargement of the
LP occurs due to an increase in recruitment of immune cells during the disease
but especially during flares (Figure 2).

Enlargement of the lamina propria occurs upon the epithelium breach where
there is a continuous passage, mainly of bacteria, from the lumen to the lamina
propria. The bacterial load causes a local acute inflammation that with
prolonged exposure drives expansion of the LP layer and the chronic
inflammation characteristic of CD. The innate immune cells are key
performers and the first line of defense in fighting particle- and bacteria-
induced inflammation. The inflammation in active CD patients is chronic, with
repeated periods of flares, with continuous recruitment/replenishment of the
innate immune cells. During health and homeostasis, both IECs and innate
immune cells contain PRRs and signaling receptors able to recognize
pathogens while maintaining tolerance to commensals. During CD in contrast,
the role of these receptors, such as Nucleotide-binding oligomerization-Like
Receptors (NLRs) and Toll-Like Receptors (TLRs) are increased in activity or
show enhanced responses contributing to the ongoing inflammation.’%%-¢0
However, due to the breach of the epithelium during CD and passage of
commensal microbiota, the innate immune cells will also react to commensals.
Hence, this sharp division (recognition of pathogens vs commensals) is not
clear for CD intestinal cells which can also react abnormally to commensal
microbiota during disease progression.

1.3 INNATE IMMUNE CELL TYPES AND ROLE
IN CD

The intestinal innate immune system cells include macrophages, monocytes,
dendritic cells, neutrophils, eosinophils, basophils, mast cells, innate lymphoid
cells, and natural killer cells. Innate immune cells are involved in the
pathogenesis of CD and, in contrast from the adaptive immunity, they have in
common the ability to rapidly induce non-specific responses to any danger
affecting the intestine of CD. For the limited purpose of this thesis, I will give
an overview to macrophages, monocytes, dendritic cells and neutrophils with
more details below about macrophages.
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1.3.1 MONONUCLEAR PHAGOCYTES

The mononuclear phagocytes (MNPs) comprise three types of innate immune
cells: macrophages, monocytes and dendritic cells. These three cell types,
although distinct cell types, have overlapping functions and progenitors
(differentiating from the same cells) that groups them into MNPs. Regarding
the intestinal MNPs they are of prenatal origin (fetal liver, yolk sac) or
postnatal origin (bone marrow). The MNPs of prenatal origin develop during
embryogenesis in the tissue.®"-%>% In case of the postnatal derivation, MNPs
descend from a common myeloid progenitor that differentiates into blood
monocytes and blood dendritic cells which later on will turn into intestinal
macrophages and intestinal dendritic cells (Figure 3).64%>%¢ According to the
presence and quantity of surface markers CD14 and CD16 circulating adult
human blood monocytes are categorized into classical (CD14"'CDI16),
intermediate (CD14""CD16") and non-classical (CD14"'CD16"") monocytes
respectively.®”-'> Hence, the majority of blood monocytes are CD14"e" It has
been widely shown that patients with CD are characterized by high levels of
monocytes in the blood (monocytosis) that has also been proposed as a
potential biomarker to predict disease severity.*%%
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Tissue-specific MNPs

Tissue-resident  \onocyte-derived
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L

Circulating MNPs

Tissue-resident -
dendritic cells Monocytes Dendritic cells

Gastrointestinal tract

Blood

Figure 3. Progenitors and derivation of MNPs in the human intestine.
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Dendritic cells and macrophages can originate from the human bone marrow
or locally while monocytes originate in the bone marrow. Monocytes are
present in the blood circulation and continuously waiting for signals from
different organs. During intestinal inflammation monocytes migrate from the
circulation into the intestine where they give rise and differentiate into
monocyte-like/immature macrophages or monocyte-derived dendritic cells.
This differentiation is directed by cytokines and growth factors such as
macrophage colony-stimulating factor (M-CSF) and granulocyte-macrophage
colony-stimulating factor (GM-CSF).”® Monocyte-derived dendritic cells (1)
have the same myeloid progenitor as the bone marrow common dendritic
progenitor (Figure 3). Common dendritic progenitor cells give rise to
plasmacytoid dendritic cells (2) as well as conventional dendritic cells (3). All
three types of dendritic cells can be found in the intestinal LP, although
conventional dendritic cells, defined into subsets cDC1 and ¢cDC2, are the most
effective antigen-presenting cells.”’’? Dendritic cells sample bacteria and
bacteria particles by both direct contact with certain IECs as well as by piercing
the IEC monolayer to be in direct contact with the GIT lumen (Figure 4).”
Their function as MHC class II antigen-presenting cells allows guarding of
local tissue, for example upon encountering of an antigen by migrating to
lymph nodes to activate antigen-specific naive T cells. Hence, maintaining
tolerance to commensal bacteria and ensuring homeostasis. CD is
characterized by loss of tolerance to commensal bacteria’, but it is not entirely
clear to what extent dendritic cells play a role. However, some populations of
conventional dendritic cells are decreased in number during CD and it has been
supposed that this is due to migration or loss due to inflammation”’¢ (Figure
4).

Macrophages (Mfs) are the main cells investigated in this thesis work. A
considerable amount of space is allocated to these cells in the subchapters
below where I subdivide the understanding of the field based on the research
performed on tissue, primary cells, or cell lines with referral to CD. I write
about Mfs already here to put these cells into context with the other MNPs and
their overall involvement in innate immunity related to CD. In health
macrophages are located in different GIT layers including the LP layer,
muscularis mucosa and submucosa. LP layer macrophages exhibit
remarkable heterogeneity, some are long-lived cells and support the intestinal
functions that allow for instance maintenance of the tissue as well as healing.
Macrophage functions include, among others, phagocytosis, efferocytosis,

11
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immune modulation and repair of tissue damage. These innate functions go
hand in hand with specific surface markers macrophage subsets express and
proteins they release to interact with adjacent and distant cells shaping and
being shaped by the intestinal microenvironment. During inflammation in CD,
monocytes are recruited to the site of infection by means of for example MCP-
1 (monocyte chemoattractant protein 1) by expressing its receptor CCR2 (C-C
motif chemokine receptor 2)7"7%780  Consequently, numerous CD14"
macrophages resembling monocytes dominate and accumulate in the inflamed
mucosa of patients with CD (Figure 4).8! There is increasing evidence that
suggests deficiencies in macrophage differentiation, maturation, activation and
an underlying link between defects in the resolution of intestinal inflammation
in patients with CD.%
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Figure 4. Overall schematic overview of immunological alterations in the intestine during
CD focused on innate immune cells. Detailed emphasis is placed in CD for the purpose of
this thesis with healthy condition as reference.
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1.3.2 INTESTINAL MUCOSA MACROPHAGES

1.3.2.1 FUNCTIONS

The intestine is an organ exposed to constant heavy loads to dietary antigens,
pathogens and commensals or their components, namely microbe-associated
molecular patterns (MAMPs).** These loads of microbes and MAMPs can
cross the IEC barrier by various routes reaching deeper layers and encountering
immune cells such as Mfs. Intestinal Mfs are located throughout the GIT
mucosa with a large proportion of them situated in the LP in proximity to the
epithelium.® Intestinal Mfs are expert multitaskers of the human body (Figure
5). They functionally impact GIT tissue and its immune homeostasis and
health® by:

A. Triggering non-specific immune responses (and consequently produce
a variety of cytokines and soluble proteins).%

B. Being bacterial scavengers: performing phagocytosis (killing of
pathogens) e.g. during infections®’ to restore homeostasis.

C. Recognizing bacterial products through their PRRs.

D. Being antigen-presenting cells and evoking mainly type 1 T helper cell
signaling.®® Being sessile cells, they perform this locally rather than
migrating to lymph nodes (like dendritic cells do).

E. Performing efferocytosis (elimination of dead and apoptotic cells)
which allows clearance of the tissue.®*?

F. In case of an injury contributing to the resolution of inflammation and
tissue healing.”!

The first three functions (Figure 5) and the Mfs performing them are referred
to as pro-inflammatory. In contrast to the other functions, the last two (Figure
5) are more pro-resolution or wound healing functions that in the context of
Mfs are most often referred to as anti-inflammatory. The functions performed
above are not universal to all Mfs, but rather specific Mfs subsets perform
either restricted functions or the same function to different extent. Function-
wise, Mfs are key immune contributors to CD pathophysiology, although the
onset of CD is not attributed to one single immune cell type, given the
complexity of the tissue. As mentioned above in relation to CD, the number of
pro-inflammatory CD14" macrophages are increased during CD to fight the
ongoing inflammation triggered by MAMPs on pathogens or commensals. As
a consequence, the function of these Mfs in CD will predominantly be to
contribute to the pro-inflammatory disease environment by producing

13
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increased numbers of inflammatory cytokines, such as TNFa, IL-1f3, IL-23 and
IL-6, that contribute to recruitment of more immune cells, the disease
microenvironment and chronic inflammation characterizing patients with
CD.”29% While some functions, such as those with pro-inflammatory
involvement, are widely and historically studied for Mfs in CD, we lack
knowledge for other functions such as efferocytosis (addressed in Paper III).

Figure 5: Summary of intestinal macrophage functions. (4)Cytokines/inflammatory proteins
secretion, (B)Phagocytosis, (C)Recognition of MAMPs, (D)Antigen presentation,
(E)Efferocytosis (F) Tissue healing.

1.3.2.2 IDENTIFICATION AND SUBSETS

Conventionally, and even at present in immunology books®’, macrophages are
categorized into classically activated/pro-inflammatory (M1) or alternatively
activated/anti-inflammatory (M2). However, this is an outdated concept as it
does not capture the real dynamics of Mfs, and it is widely shown in the last
decade’s research that when it comes to Mf subsets, there is more to just this
basic classification in the GIT. What are the subsets currently agreed on, where
do they come from and how do we identify them?

14
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Tissue Mfs originate from both embryogenic Mf precursors and circulating
blood monocytes. Bone marrow derived classical monocytes circulate in the
blood for 1 day®® before arriving at the GIT where they acquire a specific Mf
phenotype guided by the local microenvironment.”®”” Monocytes can then
leave tissues through the lymphatic system or undergo apoptosis/clearance in
the tissue itself.®*®% On the other hand, the tissue-resident Mfs of
embryogenic origin reside in the tissue before birth and have the capacity to
self-renew.6!6263 Intestinal Mfs have in common with other MNPs many
recognized cell surface markers that are needed for their identification in the
tissue. For instance, the markers CD11b and CD11c are surface markers
expressed both by some Mfs and some subsets of dendritic cells (Table 1).!1%
These overlaps of common markers have traditionally hampered the exact
identification of Mf subsets.®® However, the elucidation of existing markers
and identification of new markers, together with the evolving methods of
marker co-detection (e.g. multicolor flow cytometry) are continuously
advancing our understanding of specific subpopulations and their roles in
health and disease. A second reason for uncertainties in Mf research has also
been the knowledge transfer from animal (e.g mice) to human studies. Animal
studies were widely used for fate-mapping, and a number of Mf markers (such
as TREM-1) are conserved between species, however the differences
drastically outweigh the commonalities.*? Finally, identification of Mf subsets
has developed side-by-side with the specific localization of Mf, that at this
point has gone beyond within GIT differences (e.g. small vs large intestine)
and more and more studies are associating Mf phenotypes and function with
specific localizations. For instance, Mf subsets with high antigen-presenting
and phagocytic capacity localize in proximity to the epithelium which is the
most strategic position to encounter bacteria.!%1:4%102

I will next describe the mucosa Mf subsets functionally identified in the
intestine in health and CD. Based on surface marker expression of HLA-DR,
CD14, CDl1c and CDI11b there are currently four described subsets of
intestinal Mfs in the healthy human small intestine: Mfl
(CD14"CD11¢'HLA-DR™),  Mf2  (CD14°CD11c'HLA-DRM),  Mf3
(CD14"CD11¢ CD11b") and Mf4 (CD14"CD11¢ CD11b").7% Mf1 and Mf2
were shown to be phenotypically similar to circulating monocytes and are also
called for convenience immature Mfs, while Mf3 and Mf4 were shown to be
phenotypically similar to mature Mfs.” By using advanced single cell RNA
sequencing, CD11b" Mfs (likely Mf4), named also self-maintaining Mfs, were
shown to not be replenished by monocytes and their depletion leads to the
disruption of essential homeostatic functions, resulting for example in
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morphological defects in intestinal vascular and enteric systems as wells
reduced/lost mobility.!®® In addition, all four Mf subsets were shown to be
transcriptionally different from monocytes and dendritic cells,” overcoming
the issue of surface marker similarity  abovementioned for MNPs.
Functionally, compared to monocytes the four Mfs subset are less responsive
to treatment with inflammation (cytokine) inducing MAMPs (e.g. LPS,
flagellin), demonstrating that despite similarities with their monocyte
precursors, Mfs are shaped by the local microenvironment.” However, all four
MT subsets were able to perform endocytosis in the tissue. The first three Mf
subsets have more endocytic capacity compared to Mf4 and they have similar
capacity to monocytes to perform endocytosis.”

Given the strong indications that Mfs are involved in CD pathophysiology,
efforts are under way in understanding their behavior in CD per se and in their
relationship with current treatments'®. Consistent with the data above for
healthy human mucosa, in CD colonic mucosa there are reported Mf subsets
CDI11c"eh CD11c%™ and CD11c™ that share characteristics with Mfl, Mf2,
MT3.1% Bernardo et al. showed that only CD11¢"#" pro-inflammatory newly-
arrived cells (probably equivalent to Mf1) were increased in the inflamed colon
of CD.!% Of note, although no transcriptional analysis was performed in this
study to functionally distinguish the subsets identified with surface markers,
the frequency of CDllc™ Mfs (likely Mf3) increased when exposed to
conditioned media from healthy intestinal mucosa indicating that this Mfs
subset is most likely more similar to Mf2 rather than Mf4.!%>6> Mf subsets have
also been defined by their expression of intracellular PRRs. Combined
microscopy and single cell analysis has shown that Mfs in the colon of CD are
defined by the NLRP3 and are spatially co-localized with neutrophil
infiltrations.*>!% This is quite significant in CD as missense mutations in
Caspase activation and recruitment domain family member 8 (CARDS), a
protein which inhibits the NLRP3 inflammasome, leads to hyperresponsive
monocytes in CD and patients with a CARDS mutation were resistant to anti-
TNF agents.*>!% Inflammasomes are discussed in the following chapters and
investigated in Paper I of this thesis.

In summary, Mfs in the intestinal mucosa are divided into four functionally
and phenotypically different subsets, ranging from pro-inflammatory newly-
arrived monocyte-like cells to tolerogenic tissue-resident cells.”1%5-65 The four
subsets are a continuum (“waterfall”), differentiate in a stepwise manner,
where the first three are differentiated from each other, Mf1 into Mf2 and Mf2
into Mf3, and the Mf4 subset is purely from embryogenic origin residing in the
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GIT since birth but shares communalities with Mf3.7%19%9 In CD colon, these
processes are impaired and there is an increase of monocyte-derived cells,
consistent with the continuous recruitment of monocytes from the blood flow
into the intestine, e.g. through CCR2, to fight the passage of
bacteria/particles.”®!%%% Up to this stage in literature, to my knowledge, the
Mf1-Mf4 characterization had not been studied for small intestine in CD
(including ileum) — a gap which was addressed in Paper 11 of my thesis.

Table 1. Outline of Mfs markers used in this thesis, their functions, and role in CD.

Cell/s
expressing the
Marker marker. (1) Function of Mfs
(type, Primary/High that are +/high | Evidence/role in CD Ligands Ref
synonym) 2) for the marker
Secondary/Lo
w expressed
CDh14 (1)Mfs, . . Lipopolysacchar
(glycolipid- Monocytes, H;%(l)l d?étt(i)grllr’le Increased CD14" _ide (LPS), 93, 88,
anchored Dendritic Antigen- Mfs numbers and Lipopolysacchar 94
membrane cells, prese% ting cytokine production ide binding
glycoprotein) | (2)Neutrophils during CD protein (LBP)
ep | . it A I
h : Monocytes, Antigen- . . Peptides (ligand
eterodimer/ Dendritic presenting (resembling classwal for T cell 81
MHC class I monocytes) inCD
cell surface E(; iltljl,s inflamed vs receptor)
receptor) uninflamed mucosa.
CDll1c "
g g igh _
alpha Xohain | Monoeytss, | pEndoevtesis. | ST B | Fibrinogen
?ITGAX) Dendr}i]tic ' PresentimMfl- | oo te—likerl}\,/lfs complement 105,79
protein, type | cells, l\c/llis(ﬁ“/llcf;{%rg‘ are incr}éased in CD frag?éexi/&if%),
transmembran Neutrophils (inflamed colon).
e protein))
(?CD_ 3066 Mucosal healing
yp (1)Dendritic . during anti-TNF Mannosylated | o1, 05,
lectin, Wound healing, . :
cells, . treatment. ligands (i.e. 109,
macrophage IME Efferocytosis, Diff - |
mannose (2MF, Mf{s maturation ifferentiates newly- present on 10
e —— Endothelial recruited from tissue- microbes)
(MMR)) cells resident Mfs.
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CD11b
((Integrin
alpha M
(ITGAM))

CD209
(C-type lectin
receptor,
dendritic cell
specific
ICAM3-
grabbing non-
integrin)

CD36
(lipid receptor,
highly
glycosylated
class B
scavenger
receptor)

CD163
(high affinity
scavenger
receptor
cysteine rich
family type B)

CD80
(B7-1, type L
membrane
glycoprotein,
immunoglobul
in)

CDé64
(Fc receptor
FcyRI)

(1)Mfs,
Monocytes,
Granulocytes,
Natural killer
cells 2)T
cells, B cells

(1)Dendritic
cells, (2)Mfs

(1)Mfs,
(2)Monocytes,
Dendritic
cells,
Neutrophils

(1)Mfs,
Monocytes,
(2)Dendritic

cells

(1)Activated
Dendritic
cells, B cells,
(2)Mfs

(1)Macrophag
es, Monocytes,
Neutrophils
Eosinophils

Thl
responses.

Efferocytosis,
Chemotaxis,
Adhesion (
endothelium,
extracellular
matrix), Identify
Mf4 subsets

Antigen
presenting,
Phagocytosis,
Identify Mf3 and
Mf4 subsets

Efferocytosis,
lipid
metabolism,
Induction of
TGFp1
synthesis.

and Th2

Antigen
presenting,

proinflammatory

Mfs marker.

Distinguishes
Mfs from
dendritic cells
together with
CD163.
Phagocytosis
and ADCC

Activation of CD11b
(in animal models of
intestinal
inflammation)
increased chemotaxis
of leukocytes and
decreased
inflammation in
inflamed mucosa.
Mfs subset induces
higher potential of
Th1 responses in CD
inflamed compared
to controls, and light
potential to induce
Th17 that was
enhanced by
commensals only for
CD.

Involved in response
against
Mycobacterium
avium subsp.
paratuberculosis (in
THP-1 cells) which
is associated with
CD.

Increased soluble
(circulating) CD163,
as a marker of
macrophage
activation, in active
CD and that was
decreased by
antiTNF therapy.
Overexpression of
mucosal CD163 in
active CD and not
affected by other
therapies.

CD80 upregulated in
CD inflamed mucosa
where CD80" cells
were also CD14". No
increase is CD
monocytes.

Increased expression
and correlation with
disease activity in
CD.

Extracellular
matrix proteins,
complement
fragment (iC3b),
ICAM-1

ICAM-3, HIV-1
envelope
glycoprotein
gpl120

Lipids, high-
density
lipoproteins

Gram-positive
and gram-
negative
bacteria

CD28 and
CTLA-4

Immunoglobulin
Gl1, G3 and G4

112,
113,79

114,115
116,117
118

119,
120,
121

122,
123

124,125
,126,
65,127,
128

Mfs, Macrophages; LPS, Lipopolysaccharide; CD, Crohn’s disease; CD(number), cluster
of differentiation; Th, T helper cells; HLA-DR, Human Leukocyte Antigen-DR isotype;
MHC, Major Histocompatibility Complex; CDI11b named also macrophage-1 antigen
(Mac-1) or complement receptor 3 (CR3). ICAM, Ig superfamily cell adhesion molecule.
CD36 also known as platelet glycoprotein 4, fatty acid translocase (FAT), scavenger
receptor class B member 3 (SCARB3), and glycoproteins 88 (GPSS8), 11Ib (GPIIIB), or IV
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(GPIV), is expressed in other non-immune cells as well: platelets, erythrocytes, adipocytes,
muscle, epithelial cells, spleen cells, skin endothelial cells. THP-1, macrophage cell line;
CTLA-4, Cytotoxic T-lymphocyte-associated protein 4. CD163 is traditionally regarded a
mature macrophage marker although there is evidence suggesting showing that it is a non-
specific marker for immature/mature Mfs'?!. ADCC, Antibody-dependent cellular
cytotoxicity, IFNy, interferon y; G-CSF, granulocyte colony-stimulating factor. CD64 is
mainly expressed by MNPs, resting neutrophils scarcely express CD64, although upon
IFNy and G-CSF acting on the neutrophil precursors in the bone marrow the expression
increases drastically.

1.3.2.3 MACROPHAGE-MICROBIOTA INTERACTIONS

The presence of the intestinal microbiota and/or its products influence Mf
dynamics in the GIT and this is proven by studies using germ-free mice where
monocyte recruitment in the GIT is diminished given the lack of microbial
signals.**!'* Function-wise, Mfs are the main phagocytes and they can also
perform antigen presentation and support mucosal immune defenses in the
GIT, hence it is not surprising that they are highly functioning in a microbe
rich GIT environment, although it might be surprising that during health they
have tolerance to microbes without producing excessive pro-inflammatory
signals.® However, during intestinal injury, Mfs can become hyperactivated
when sensing microbes through their repertoire of PRRs. For instance, during
intestinal injury, certain microbiota constituents induce the pro-inflammatory
cytokine IL-1P via the NLRP3 inflammasome®>!3° which are a crucial cytokine
and PRR of immature (newly-recruited) Mfs in the intestine respectively.!! In
addition, microbiota-induced IL-1p is needed for T helper 17 cell responses in
the intestine'*? which increase in CD and contribute to disease pathogenesis
and progression'?.

Microbial metabolites, as a reflection of microbial activity, also impact the
intestinal immune cells, including Mfs, to shape the local microenvironment
dynamics.'** It is shown that, throughout the course of CD, the intestinal
microbiota are stable!*!3® but temporal alterability has been reported?!.
Regarding intestinal metabolites, there is robust evidence on the differences
between CD and healthy in the metabolomic profiles!*’, however it is not clear
how metabolomic profiles change throughout the course of the disease since
microbiota composition does not linearly reflect microbial activity. Only a a
limited number of studies have investigated the effects of bulk fecal
metabolites from IBD patients on Mf function and phenotype.'**!* Priming of
Mfs with fecal metabolites from patients with CD, compared to healthy fecal
metabolites, reduce Mf bactericidal activity, which is suggestive of a role of
secreted metabolites in innate immune functions related to CD
pathophysiology.!*® Interestingly, microbiota activity has been investigated in
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DSS-colitis and the effects of treatment with an active component of ginger on
the microbiota activity showed immediate changes of microbiota and
improvement of an in vitro anti-inflammatory Mf activity.'%° There is evidence
that microbiota and their activity (metabolites) change during CD and that Mfs
can detect these changes, being innate immune cells that can signal a vast type
of ligands. The impaired or enhanced activity of specific intestinal Mf subsets
by microbial-derived factors can be a potential way to measure the targeted
effects during microbiota-related candidate treatments.

1.3.24 IN VITRO MONOCYTE-DERIVED M1 AND M2
MACROPHAGES

I used the in vitro model of monocyte-derived M2 macrophages (M2MQ) in
Paper III of my thesis. Thus, it is important to spend a few words in defining
and describing the M1MQ and M2MQ concepts. Given that the abundance of
Mfs, especially the tissue-resident (intestinal) Mfs, is relatively low in
humans,'*! it makes it challenging to isolate sufficient numbers of these cells
to perform functional studies both in healthy and IBD®. Hence, for pre-clinical
research the use of the in vitro models of polarized macrophages (M1MQ and
M2MQ) from blood monocytes is commonly accepted. In this context
monocytes for this reason most often are referred to as MO (Figure 6).
Polarization in vitro is performed with the help of growth factors and cytokines
(Figure 6) that educate Mfs and is a widely used method for functional studies.
In addition, monocytes comprise 2-10% of immune cells in blood, and these
relatively high numbers'*? make monocytes easily obtainable to polarize into
high number of Mfs. Of note, the in vitro MIMQ and M2MQ classification is
not to be confused with the abovementioned traditional M1 classical and M2
alternatively activated Mfs classification for tissue macrophages (still found in
immunology books).'** However, to my knowledge, the MIMQ/M2MQ usage
and naming started from this concept as the aim was to mimic the tissue
M1/M2 stratification with strong pro-inflammatory properties (M1) and the
other with strong anti-inflammatory properties (M2). Although, in the tissue
itself to date the classification of Mfs (Mf1-Mf4), as explained above has more
“in betweens” (more than one subset of pro- and anti-inflammatory cells), the
MIMQ and M2MQ in vitro polarization has nevertheless remained the main
alternative used to mimic tissue Mfs.
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Figure 6: Polarization of
blood monocytes, often
referred to as MO, into M1
Anti-inflammatory
cytokines, including: macrophages and M2

M2 macrophage

M-CSF e macrophages.  M-CSF,

MO macrophage IL-1RA mmularzc}zicrophageicomn)j
(Monocyte) s o factor; GM.-
o CSF, granulocyte-
macrophage colony-

M1 macrophage stimulating  factor; LPS,

Provinfl ) lipopolysaccharide; TGF-
ro-inflammatory .
cytokines, including: B, Transforming  growth

GM-CSF

I:-|:16B factor beta; 1L,
IL-12 Interleukin, TNF, Tumor
TNF-a Necrosis Factor.

Box 1 — “This or that”

Throughout macrophage-related literature, research and lay-language, the
observant reader will notice that several names are used to describe the
same cells in the GIT. This is not uncommon in immunology as the field
progresses, and more is known about surface protein markers and function
defining a cell subset, ontogeny and progenitors of immune cells, older
names stay, get passed on and sometimes mixed up. This box will explain
what the synonyms refer to make it understandable why they are used
interchangeably in literature.

Pro-inflammatory macrophages: refers to the type of cytokines/proteins
these macrophages produce and hence the function and contribution they
have in the GIT in health and disease. For instance, macrophages produce
IL-1pB which is known to be a potent pro-inflammatory cytokine.

o Monocyte-derived macrophages: refers to the fact that
macrophages are derived from circulating monocytes. Monocytes
upon entering the intestinal environment encounter signals that
polarize them into macrophages.

o Newly-recruited macrophages: refers to monocytes as newly
recruited, or just arrived, in the intestine but that quickly are
polarized into macrophages.

o Monocyte-like macrophages: Refers to the fact that macrophages
express common surface (recognition) markers that makes it clear
that they are derived from monocytes, hence they are monocytes-
like.
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o [mmature macrophages: implies that there is a mature type of
macrophages. The mature type is, as explained above, the resident
macrophages that reside in the GIT since birth or are matured in a
“waterfall” from monocytes recruited in the GIT. Hence,
immature macrophages are macrophages that have not matured to
this stage.

Anti-inflammatory macrophages: refers to the type of
cytokines/proteins these macrophages produce and hence the function and
contribution they have in the GIT in health and disease. For instance,
production of IL-10 which is known to be an anti-inflammatory cytokine.

»  Tissue-resident macrophages: during embryogenesis (yolk sack
and liver) Mfs colonize specific areas of the GIT. After birth,
facing the external environment, these areas are occupied by
monocyte-derived Mfs (that became the predominant population)
until adulthood where we find both embryonic and monocyte-
derived Mfs co-existing but not co-localizing.

»  Mature macrophages: can often refer to the last step of maturation
(the “waterfall”) i.e. Mf3 or tissue resident Mf4. They exhibit
features of less reactive and loss of plasticity Mfs (e.g. low or
absent production of pro-inflammatory cytokines due to their
adaptation of living in an antigen rich microenvironment such as
that of the GIT).

v Self-maintaining/self-renewing  macrophages: tissue-resident
macrophages are long-lived; they self-renew and are not
replenished by new blood monocytes. They are needed for tissue
development and remodeling and able to survive in situ.

1.3.3 NEUTROPHILS

Neutrophils are the most abundant leukocytes and immune cells in circulation.
They belong, together with basophils and eosinophils to the
polymorphonuclear leukocytes or granulocyte categorization given their
morphological features of nuclei shapes and cytoplasmatic granules
respectively. Granulocytes together with mast cells derive from the common
myeloid progenitor cells (Figure 3). Neutrophil production in the bone marrow
can increase rapidly and hence their percentage in the blood increases in
response to infections. They are not tissue-resident cells but are quickly and
abundantly recruited from circulation into the tissue during active
inflammation and tissue damage in CD!#!43:146 eyen in absence of infections
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and correlate with disease severity'¥’. Hence, as the disease progresses

neutrophils are continuously recruited to the tissue (Figure 4). They are short-
lived cells with a circulating half-life of 6-8 h!'*3, and mechanisms such as
release of cytokines and growth factors by other cells (e.g. GM-CSF, IL-8,
TNF-a) as well as microbial particles such as lipopolysaccharide (LPS)
contribute to sustained recruitment of neutrophils in the tissue.'*!%
Neutrophils can perform the following functions: e.g phagocytosis, generation
of neutrophil extracellular traps (called also NETosis), degranulation and
generation of reactive oxygen species. Macrophages and neutrophils are the
cells with the greatest ability to perform phagocytosis and have most often
overlapping phagocytosis-related mechanisms such as types of intracellular
receptors employed, and as such described side by side in basic immunology
books.!3! All the abovementioned neutrophil functions facilitate killing of
bacteria and clearance of the tissue that can also be combined rather than acting
alone.'? For instance, capturing of bacteria by NETs makes it more efficient
for neutrophils to phagocytose these trapped bacteria. Once they accomplish
their function they die e.g. by apoptosis. Apoptotic neutrophils can be
eliminated by efferocytotic Mfs residing in the tissue and hence tissue
clearance after inflammation is re-established. In CD, neutrophils’ regulatory
functions, which normally serve to maintain homeostasis in health, instead
contribute to CD disease by impediment of healing, barrier damage and disease
symptoms worsening.'> For example, neutrophil extracellular traps exacerbate
tissue damage during active CD and compromise the intestinal barrier integrity
during experimental colitis (Figure 4).!>%15

1.4 INTESTINAL FIBROBLASTS IN HEALTH
AND CD

Fibroblasts are mesenchymal cells that contribute to the organs’ stroma
(connective tissue) by producing various proteins/components (e.g. collagen)
needed for structural holding and homeostasis of the tissues. Compared to all
other organs, human GIT fibroblasts are transcriptionally very different, for
instance in genes related to extracellular matrix (ECM) remodeling and
signaling ligands, suggesting a specific functional diversity for the GIT.!%
Following intestinal damage, tissue-resident fibroblasts can become
myofibroblasts, a type of specialized contractile fibroblast expressing alfa-
smooth muscle actin (0-SMA).!*” Fibroblasts are cells conventionally
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associated with fibrosis and tissue repair and not so much with renewal or
inflammation. Nonetheless, their activity can influence inflammatory
processes, other cells adhesion, migration, and proliferation ability in the
tissue.'*® In addition, fibroblasts are considered sentinel immune-like cells
because of their overlapping functions with innate immune cells such as the
presence of certain PPRs and the ability to produce inflammatory factors in
response to microbes.!*%!®? The exact processes of how intestinal fibroblasts
are able to initiate healing but promote inflammation remain vague.'s’
However, one recent theory is that during fibro-stenotic CD there will be
location- and disease-specific  fibroblast subsets, normally not
established/activated in non-affected intestinal areas, that are influenced for
instance by local inflammatory monocytes.'®! Given the ongoing intestinal
inflammation in CD, cytokines, such as TGF-B1 abundantly produced by Mfs,
activate intestinal myofibroblasts, contributing to the intestinal fibrotic tissue
formation.'®> Consequently, both TGF-B1 and collagen activity corresponds to
the inflammatory infiltrate (transmural) in CD.!'®* Regarding fibroblast
subtypes, the literature has not reached a consensus of the surface markers to
use in defining functionally active fibroblasts. However, regarding CD lesions
some markers appear more frequently in literature. For instance, fibroblasts
closest to the fibrotic areas in CD express high levels of fibroblast activating
protein (FAP)!%4161 and attempts made to inhibit FAP have been successful in
showing a decrease in ECM protein expression (collagen type 1)'*° and could
potentially be considered for further treatment investigations.

1.5 INFLAMMASOMES AND TREM-1
RECEPTOR

Receptors on innate immune cells (such as Mfs) are key components of innate
immune responses, which are non-specific responses to e.g. danger signals,
foreign substances, or MAMPs, and are used to facilitate the first line of
defense. Hence, a number of innate receptors are primarily responsible for
establishing the host-microbial communication in the intestinal mucosa.'® In
this chapter, I write about the main receptors investigated in this thesis. These
are PRRs and PRR-like receptors, focused on inflammasomes, signaling
receptor TREM-1, and the downstream effectors involved in the signaling of
these. Such receptors locate either on cell surfaces, in the cytoplasm, or in
endosomes and are involved innately in the recognition of microorganisms,
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parts of microorganisms or byproducts of cell metabolism that serve as
initiating signals.

Table 2: Types of pattern recognition receptors.'%’

PRRs Full Name Cellutar
location
Nucleotide oligomerization domain (NOD)-like
receptors or
NLRPs Nucleotide-binding oligomerization-Like Cytoplasm
Receptor PYD domain

TLRs Toll-like receptors Membrane,
Endosome
CLRs C-type lectin receptors Membrane

ALRs | Absent in melanoma-2 (AIM2)-like receptors Cytoplasm
Retinoic acid-inducible gene-I (RIG-I)-like

RLRs receptors Cytoplasm
PRR-like
TRIMs Tripartite motif proteins Cytoplasm

1.5.1 INFLAMMASOME COMPLEXES

Inflammasomes are cytosolic protein complexes/platforms assembled in
response to various signals deriving from the extracellular or intracellular
environment (e.g. microbes, metabolism products). The inflammasome was
discovered in 2002 as considered an important molecular platform and
pathway of innate immunity by which the activation of inflammatory caspases
is triggered with processing of inactive cytokine pro-IL-1p into IL-1B as the
final consequence.'®® Since the first discovery of the inflammasome in the
macrophage cell line THP-1, inflammasomes have been widely studied in this
cell line and gradually expanded to other cells. Whereas an overwhelming
amount of data in the past 21 years derives from THP-1 cells,'170.171.172 i jg
now known that inflammasome activity is cell-, tissue-, species-, and disease-
specific.!”® Regarding the intestine, in recent years a number of cell types have
been shown to utilize inflammasomes during infections and diseases making
inflammasomes innate key immune platforms for e.g. IECs, Mfs, monocytes
and neutrophils,!73174.175.176
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1.5.1.1 STRUCTURE, ASSEMBLY AND ACTIVATION

Typically, an inflammasome is constituted by a sensor, an adaptor and effector
molecules. Inflammasome sensors give the name to the inflammasome
complex. For instance, an inflammasome employing NLRP3 will be called the
NLRP3 inflammasome complex or platform. Several inflammasome
complexes exist and their sensors belong to different receptor classes, and can
be combined with different effectors depending on the inflammasome type.'”’
One broad classification of inflammasome signaling is that of canonical or
non-canonical inflammasomes defined by their use of Caspase 1 (Caspl) or
Casp4/5.178173 In the canonical inflammasome, the sensor is a cytosolic PRR,
the expression of which increases in the presence of a signaling ligand. For
instance, the most known activation pathway of NRLP3 occurs once bacterial
components (e.g. LPS) binds to TLRs (Figure 7, step 1). This is referred to as
“first signal” and triggers translation of increased expression of NLRP3 in the
cytosol (Figure 7, step 2). The NLRP3 sensor then needs a “second signal” to
assemble with the other components to form the complex.'® To this end, ATP
or Nigericin (Figure 7, step 3) induce the assembly of the NLRP3
inflammasome complex. This last is an assembly where the NLRP3 sensor
binds to the adaptor protein ASC by using a shared PYD domain and this then
triggers the binding of ASC with pro-caspl via the shared CARD domain
(Figure 7, step 4). Pro-caspl1 is then activated to a proteolytically active enzyme
called Caspl that upon its release induces the cleavage of pro-IL and pro-IL-
18 into active forms IL-1B and IL-18'" (Figure 7, step 5). These active
cytokines then get released from the cells influencing context specific pro-
inflammatory processes (Figure 7, step 6). The fate of the cell, in Figure 7
shown as activated Mfs, is either a form of inflammatory cell death called
pyroptosis and release of pore-forming gasdermin D' or the cell gets
hyperactivated.

Table 3. Type of the PRR that each inflammasome sensor belongs to.

Sensor

——— NLRP1 | NLRP3 | NLRP6 | MEFV | AIM2 | NLRC4
Inflammasome

PRRs
NLRPs 4 4 v

NLRC 4
TRIM 4

ARLs v

Nucleotide-binding and oligomerization domain (NOD)-like receptors (NLRs) containing
the caspase activation and recruitment domain (CARD; NLRC), and the pyrin domain
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(PYD; NLRP). TRIM: tripartite motif proteins; MEFV (or TRIM20).: mediterranean fever,
ARLs: absent in melanoma 2 (AIM2)-like receptors (ALRs); GSDMD: gasdermin D.
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Figure 7. Core events triggering inflammasome activation up to structural changes and
assembly of the complex. Shown as an example is the NLRP3 inflammasome activated
macrophages. This representation regards the most known pathway with the shown signals
also called canonical inflammasomes. The signaling events are presented regardless of
tissue or disease just as an example. Abbreviations: NLRP, Nucleotide-binding
oligomerization-Like Receptor PYD domain (NOD-like receptor); Casp, caspase; ATP,
Adenosine triphosphate; TLR, toll-like receptor, LPS, lipopolysaccharide; CD, cluster of
differentiation; IL, interleukin; ASC, apoptosis-associated speck-like protein containing a
caspase activating and recruitment domain.

1.5.1.2 FUNCTIONS IN INNATE IMMUNITY AND CD

Inflammasome complexes are expressed by multiple immune and non-immune
cells in the intestine and contribute to the host defense against infections.!”
For instance, through the NLRC4 inflammasome complex on CD11b"F4/80*
phagocytic Mfs, and by NLRC4 deficient mice, it was shown to promote host
defense to pathogenic Salmonella via recruitment of neutrophils to fight the
infection.'®! Beside pathogens, microbiota are equally able to induce
inflammation, in response to damage. For instance, via the NLRP3
inflammasome activation Enterobacteriaceae induces robust IL-1(3 release
analogous to pathogen Salmonella.'* On the other hand, incorrect activation
of the NLRP3 inflammasome complex can translate into damage of the
intestinal mucosa.!’”>!8% This was shown by for instance administering

27



Macrophages in Crohn’s Disease

medications such as colchicine, known to act on blocking NLRP3
inflammasome activation, that have been shown to prevent other drug-induced
intestinal damage.'®®> Another important inflammasome, NLRP6, was studied
in relationship to the activity of newly recruited inflammatory monocytes in
DSS-induced colitis'®* and was involved in the declined progression of colitis
in IBD mice models.'®

The MEFV (Mediterranean fever) gene, and its corresponding protein pyrin, is
a special case of inflammasome sensor because in contrast to most
inflammasome sensors which are NLR-derived, MEFV belongs to the tripartite
motif-containing (TRIM) superfamily of cytosolic receptors. MEFV is
considered a candidate PRR but is also an inflammasome since it can bind to
ASC to form a caspl-inflammasome-complex and pyrin levels directly relate
to IL-1B processing in monocytes and macrophages.'®® In response to IFNSs,
during innate immune responses, there is an increased expression of
TRIMs,'¥7-138 making these receptors participants of innate immune responses
similar to other PPRs. From the start, MEFV was identified as the main gene
responsible for the Familial Mediterranean fever, which is an genetic
autoinflammatory disorder, but it is also involved in a diverse range of
biological processes that are associated with innate immunity, genetic
disorders and cancers.'®” Regarding IBD, mutations in MEFV are also
frequently detected in a subgroup of IBD patients and are associated with
extra-intestinal manifestations.'® The MEFV inflammasome, as an innate
immune sensor, is known to sense bacterial toxins. These bacteria toxins make
use of the MEFV inflammasome complex, indirectly inactivate guanosine
triphosphatase RhoA (GTPase-RhoA) and finally the process results in IL-1f3
release.!”*! Several intermediate proteins are involved in this signaling, such
as serine-threonine kinases PKN1 and PKN2!*° which were also quantified in
paper 1. The process of GTPase-RhoA inactivation is known also as a
phagocytosis suppression mechanism induced by pathogenic bacteria,
including Clostridium difficile in the intestine.'®'*"! Tt is not clear if there is
a direct connection between the MEFV inflammasome complex and
phagocytosis. However, upon polarisation of monocytes into monocyte-
derived Mfs which are better at phagocytosis, pyrin levels and associated IL-
1B secretion were shown to decrease.!®

1.5.2 TREM-1 SIGNALING RECEPTOR

Beyond classical PRRs, innate immune cells express other signaling receptors
that sense the local intestinal microenvironment and influence immune
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response in patients with CD. One of these receptors is Triggering Receptor
Expressed on Myeloid cells 1 (TREM-1). TREM-1 is an immunoglobin
superfamily member receptor characterized by an extracellular Ig-like domain,
transmembrane region, and a cytoplasmic domain without motifs for
signaling.!”? Having no end signaling motifs, the receptor requires a second
receptor called immunoreceptor adaptor protein DNAX activation protein 12
which provides a negatively charged aspartate that interacts with a positively
charged lysine on TREM-1."%1% Regarding the role of TREM-1 in innate
immunity, TREM-1 is expressed in a number of innate immune cells including
monocytes, neutrophils and Mfs and in multiple organs counting the
intestine,!*+19%:146.19 TREM-1 up-regulation and responses can be triggered by
MAMPs such as LPS'* and peptidoglycan'”’ and cytokines like TNF. Upon
activation, the TREM-1 pathway is a powerful amplifier of inflammatory
responses.'’®!”  Particularly, TREM-1 can synergize with other PRRs,
especially TLRs, to amplify an ongoing pro-inflammatory cycle.? Ligands of
TREM-1 seem to be tissue- and disease-specific, but since they are common
ligands recognized by a number of other PRRs, it has been challenging to
establish a full and precise spectrum of “what is who and when”.1*® Yet, it is
believed that despite the unclarity of the ligand type, therapeutic targeting of
the TREM-1 receptor for inflammatory diseases is promising and will
potentially not increase infections as TREM 17 mice were still able to maintain
control of pathogens.”®' However in the context of CD, this has yet to be
established for the commensals, given that there is a leakage of the lumen
content into the lamina propria where TREM-1" immune cells reside.

It is not clear if TREM-1 is completely absent or slightly expressed during
homeostasis. TREM-1 gene expression and TREM-1 expressing Mfs were
shown to be nearly absent in the LP of non-inflamed control colonic tissue.!*’
However, in a different study, TREM-1 was shown to be present in healthy
colonic tissue with lower expression by CD206"CD68"CD163" mature Mfs as
compared to monocytes.'® In contrast, CD206™ healthy colonic Mfs, which
have a more immature phenotype and are more similar to monocytes, seem to
express an intermediate level of TREM-1.!% Likely, the low or absent presence
in homeostasis is to avoid vast inflammatory reactions and intestinal harm
given that TREM-1 is a potent amplifier of inflammation. This is not the case
during CD. TREM-1" Mfs appear to increase during CD, and they have been
defined for instance as TREM1°CD68" Mfs and TREM1°'CD14°'CD89" Mfs
present in increased frequencies in the colonic mucosa of patients with CD.!*?
Furthermore, concerning a potential role in disease pathogenesis, a number of
important findings have emerged that have placed TREM-1 under the spotlight
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both for CD and UC. First, TREM-1 expression is increased in active CD
areas!”’, and inhibition?? or knockout?! of the TREM-1 receptor attenuates
the severity of colitis. Second, TREM-1 was proposed as a biomarker for non-
response to anti-TNF therapy.?® As the response rates of patients treated with
anti-TNF agents is only approximately 30%, there is a huge and equal need for
predictive biomarkers as well as new treatments.?**? However, there is still
confusion on the role of the TREM-1 receptor per se given that TREM-1 exists
as membrane bound as well as soluble, and contradictory results for
transcriptional alterations have been reported regarding anti-TNF response
related to the two forms.?*

1.5.3 POINT OF VIEW: TARGETING PRRS AND PRR-
LIKE SIGNALING RECEPTORS IN CD

If one thinks about the GIT microenvironment, it makes sense that intestinal
cells have inflammasomes and TREM-1 and that they will have an important
function there. This is because the intestine has a mucosa with a huge surface
which encounters loads of bacteria, antigens, and food components. Residing
in such microenvironment, intestinal myeloid cells have PPRs or PRR-like
receptors to recognize danged signals and foreign substances, communicate
this to other cells and help the intestine to resolve invasion from microbes and
potential inflammation. During health, inflammasomes in the intestine
recognize bacterial and cell metabolism products contributing to the
physiological cell machinery. During intestinal infections and disease
inflammasome function changes, they conceivably increase in activity and the
ligands they recognize are possibly disease-related. The TREM-1 signaling
pathway seems to be functionally present, but low expressed, in myeloid cells
during homeostasis suggesting that the pathway is needed for the physiological
functioning of the human GIT. During CD, with the increase of a myeloid cell
recruitment from blood to the tissue, and changes in tissue content in myeloid
cells due to the disease, these receptors increase in activity and the myeloid
cell subsets seem to shift subsets and consequently function. Potential drug-
targeting of NRLs, MEFV and TREM-1 should consider specific patient
subgroups and predict/prevent the consequences of inhibiting a receptor that is
needed for a protective physiological function (e.g. protection against
infections).
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2 AIMS

The intent with this chapter is to provide a summary of the aims stated in each
of the papers. Aims and hypothesis go often hand by hand, hence it would be
(almost) impossible not to think about the grounds the research ideas generated
from.

The overall aim of this thesis was to determine innate immune cellular and
molecular mechanisms driving intestinal inflammation and fibrosis in patients
with active CD. Hypothesis driven specific main aims were to:

» Determine inflammasome complexes components expression levels,
and their downstream effectors/cytokines, in patients with CD
compared to controls and UC.

> Establish the relationship of inflammasome complexes to disease
activity and systemic inflammation.

» Identify and classify Mf subsets in the intestine of patients with ileal
active CD compared to non-inflamed subjects (controls).

» Determine innate immune TREM-1 receptor and its downstream
effectors/cytokines associated, expression on Mfs subtypes and
correlation with CD disease activity.

> Establish the involvement of FS from CD patients, representing the
intestinal microenvironment, on M2MQ and intestinal fibroblasts in
relationship to inflammatory and fibrotic processes.

» Compare patient-subgroups, iCD and sCD, and their FS capacity in

polarizing M2MQ and intestinal fibroblasts in relationship to
inflammatory and fibrotic processes.
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3 METHODS AND EXPERIMENTAL
PROCEDURES

In these chapter I write about relevant methodologies used in my thesis work.
The chapter is meant to describe the rationale and critically discuss the usage,
and comparison between methods and literature. More details, which are not
repeated here, and other assays can be found in the respective Methods section
of each specific paper found in the printed thesis book.

3.1 HUMAN SAMPLES

All the findings of this thesis are obtained from human samples and primary
cells. Human samples obtained under the respective ethical permits used in this
thesis included:

>
>

Fecal samples from patients with CD and healthy subjects

Mucosal tissue (ileum, colon) from patients with CD undergoing
surgery.

Mucosal tissue from patients with UC (colon, rectum).

Serum from patients with CD and healthy gender- and age-matched
subjects.

Non-inflamed, non-affected control surgical tissue (ileum, colon) from
colorectal cancer patients undergoing surgery (controls).

Healthy mucosal biopsies from study subjects undergoing routine
checks for non-inflammatory conditions.

Table 4. Tissue and fecal samples

Cohort | Paperl | PaperIl | Paper III

CD X X X
UucC X X

Control X X

Healthy X X

The following primary cells were isolated/used:

>

Monocytes, neutrophils and bulk PBMCs from blood of healthy
subjects.
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» Bulk immune cells and IECs from ileum of patients with CD and non-
inflamed subjects (controls).
» Primary intestinal fibroblast cell line.

Table 5. Type of samples used in each study.

Type of samples Paper 1 | Paper Il | Paper III
Fecal supernatants X
Mucosal tissue X X

Conditioned media X X X
Monocytes X X
Neutrophils X
PBMCs X

Serum X

Fibroblasts X

Of note, although a lot of the research on the topic is performed in animal
models and cell lines, human studies are increasingly needed. Animals and cell
lines provide applicable tools for functional studies, such as cells fate-mapping
or gene knockout otherwise not possible to conduct in humans, however they
do not fully reflect the real biological circumstances of the human
immunobiology. The main advantage of using human material is its closeness
to veracity and directly translatable findings for patients. Nevertheless, the
main disadvantage is that humans come with a broader natural variability,
subgroups, and disease-related parameters (location, complications, disease
activity) and hence require larger sample sizes that are not always easily
obtainable.

3.1.1 IBD SAMPLES

During this thesis work, I have used samples from adult patients suffering from
CD and UC residing in Sweden and Denmark. Regarding the Swedish cohort
(Paper I and II) used for mucosal tissue, in addition to chronic inflammation,
with periods of relapse and remission, these patients were at a stage of disease,
independently of the disease duration, where they had developed various
complications (fibrosis, stenosis, strictures, fistulas, dysplasia) that drives
some patients to undergo surgery. Hence, tissue samples were collected after
the surgical removal of the tissue and blood samples were taken just before the
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patient entered the surgery at Sahlgrenska Hospital in Gothenburg, Sweden.
From these IBD patients, demographics and clinical parameters such as disease
activity index/score were also available. Regarding the Danish cohort, that was
used for fecal samples (Paper III), patients with CD and healthy subjects were
from the baseline of an intervention trial.2°>?% These patients were classified
into subgroups: patients with inflammation only (named iCD) or inflammation
and stenosis (named sCD).

3.1.2 CONTROL AND HEALTHY SAMPLES

Regarding controls and healthy subject samples, human tissue and blood was
obtained conditional to the type of analysis. In general, most of the control
mucosal tissue was from non-affected/non-inflamed tissue of colorectal cancer
patients undergoing surgery and a few healthy tissues from biopsies of persons
undergoing endoscopy for health screening. Healthy tissue from humans is
always an obstacle when it comes to wanting to obtain tissue samples from
“entirely” healthy individuals. Despite this being very relevant, the GIT
sampling for purely research purposes is perceived as invasive for the study
subjects and time consuming for the health care system. In addition,
complications (such as hemorrhages, perforations and infections) due to biopsy
sampling in the terminal ileum is considered debatable given the anatomy of
this area.?’” Hence, alternative controls, that do not require healthy individuals
to undergo a biopsy only for research, are of choice. In our specific case the
amount of tissue we needed to perform multiple experiments (Paper I and II)
was considerable hence the available approach to get this amount of tissue was
from non-inflamed/non-affected tissue of colorectal cancer patients removed
during surgery. Surgeries in these patients almost always involve the removal
of the affected tissue surrounding the tumor area (for preventive reasons), some
of which can be used for research in addition to pathological investigations.
However, for some analyses where we only needed a small biopsy, some
samples were from biopsies of persons undergoing endoscopy for health
screening.

Regarding blood samples, they were used for serum analyses or purification of
monocytes, neutrophils or PBMCs. Samples were from blood or buffy coats of
healthy blood donors. Blood samples are easy to access, hence people have no
difficulty in donating blood for research. For the serum samples, I decided to
get sex- and age-matched subjects which allowed to avoid the detection of
inflammatory proteins changes due to age differences (Figure 8).2%® Given the
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slow advancement from bench to bedside of IBD research, more and more

studies have come to shed light regarding the demographic parameters as

influential to the treatment. For instance, immune cell types in UC associated

with anti-TNF response have a specific sex-dependent profile.?”” Similarly in

the case of fecal samples, it is easy to obtain samples from healthy subjects

hence paper 11l included a cohort collected at the same time as the patients with
CD.

TNFSF14
9-

Figure 8: Importance of

sex- and age-matched

Sex serum collection. Example

: FMe:I‘:'e of a serum  protein

(TNFSF14) that correlated

Disease with age, in age matched

cD samples, regardless of CD

@ Healthy o healthy subjects. The

correlation value is

] R=0.526 and the

£ 40 A;Z 60 70 significance value

p=0.021. The graph was

generated with published data from Gorreja et al 2022." TNFSF14, Tumor necrosis factor
superfamily member 14, NPX, normalized protein expression measured with PEA assay.

3.2 BLOOD AND PERIPHERAL BLOOD
MONONUCLEAR CELLS (PBMCS)

Human peripheral blood mononuclear cells (PBMCs) were analyzed in all
three papers of this thesis for different purposes. PBMCs were isolated from
either whole blood or buffy coats using density gradient centrifugation.?'® First,
PBMCs were used to analyze gene expression of both healthy and patients with
CD (Paper ) to investigate inflammasome expression of key inflammasome
component genes. Second, PBMCs were used for purification of the CD14"
monocyte subset which were freshly seeded and stimulated (as described
below) to mimic the arrival of monocytes in the intestine (Paper II). Third,
PBMCs from healthy buffy coats, which contain a concentrated number of
cells, were used for purification of CD14" monocytes to be polarized into
M2MQ (Paper III). Finally, whole blood was used for purification of
granulocytes (Paper III).

36



Frida Gorreja

3.3 INTESTINAL ILEAL TISSUE PROCESSING
AND PRIMARY CELL ISOLATION

Primary cells from human intestinal mucosa (ileal, ileocolonic) of both non-
inflamed study subjects (control tissue) and patients with CD were isolated by
a well-known and widely used approach employing chemical, enzymatic and
mechanical means.”>*!! The approach is described in details in each published
paper (Paper I and II) and schematically below for simplification (Figure 9).
Briefly, the intestinal tissue is processed fresh to allow for the viability of most
cells. Isolation of IECs, from the top layer, are obtained by the help of the
chelating agent ethylenediaminetetraacetic acid (EDTA) and incubation with
continuous stirring to facilitate the dissociation of the tissue. EDTA
chelates/binds to calcium and stops cell aggregation and promotes detaching
of adherent cells (e.g. inhibit adhesion molecules catherins), and helps detach
the IECs/epithelial layer from LP layer of the mucosa.?'? Isolation of IECs with
EDTA is a widely used procedure for the intestinal tissue, although other
agents are used as well such as ditiotreitol (DTT) and are equally good in
performing the same action while preserving the cells viability.?'* At the end
of this step an IEC suspension is obtained, referred to in the papers as enriched
epithelial cells, that was used to investigate the gene expression of
inflammasome components and TREM-1 receptor as well as flow cytometry
analysis.

Next, for the processing of the LP layer, enzymatic and mechanical digestion
methods were combined. Enzymatic digestion included the use of Liberase DL
(Dispase Low) which allows dissociation of the tissue and release of immune
cells in a suspension. This was combined with both incubation at 37°and
continuous stirring to help dissociation but also because Mfs are highly
adherent cells that could easily attach to plastic surfaces. At the end,
mechanical breakage is shortly applied to make sure that no connective tissue
withholds the cells. Liberase digestion (synonym collagenase) is a widely used
enzymatic method for intestinal tissue processing and isolation of MNPs?!* and
immune cells in general. From this Liberase and mechanical digestion a bulk
LP cell suspension was obtained, called enriched LP suspension in the papers.
The LP cell suspension was used for flow cytometry analysis, gene expression
analysis and cell culture as described below in the respective sessions. Lastly,
it has to be pointed out that with the developing use of the single cell
technology, new studies are emerging where effect of dissociation protocols
(enzyme types, times of digestion) are compared on how these affects immune
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cell composition.?"® To date however, there is no current agreement in literature
on how different dissociation protocols affect MNPs specifically. However,
this would be of importance to study not only to assess that there is a good
viability but also regarding various subsets and surface markers being affected.
This is especially important when it comes to Mfs given that the absolute
numbers of Mfs in the intestine are very low and even small changes, in the
context of the entire immune cell pool, could be of major relevance for Mfs.

Whole mucosa.
@ Frozen for RT-PCR

'

—l
Digestion of remaing
i " PBS transporting and Paper cleaning of fecal tissue with EDTA
5:,?18:2:; :Snifrrgoec;ssmg washing of fecal matter matter and fat. max 1.5 h (several rounds

of 15 min)

j

Pooled Supernantants =
|IECs suspension

/

Suspension of LP cells Mechanical dissociation Remaining tissue digested
with DNase, Liberase and
CaCl2 for 1.5h

Analysis (Flow cytometry, FACS, RT-PCR, Cell culture, ELISA, PEA)

Figure 9: Step-by-step clarification of intestinal tissue handling, processing, and digestion.
Details are found in the respective Paper I " and 1. PBS, Phosphate-buffered saline; RT-PCR,
Reverse transcription- Polymerase chain reaction; EDTA, ethylenediaminetetraacetic acid; LP,
Lamina propria; CaCl2, Calcium chloride; IECs, Intestinal epithelial cells; FACS, Fluorescent

activated cell sorting; ELISA, enzyme-linked immunosorbent assay;, PEA, Proximity extension
assay.

38



Frida Gorreja

3.4 CELL CULTURES, STIMULATIONS AND
FUNCTIONAL ASSAYS

Different primary cell or cell line cultures were performed in this thesis,
depending on the aim of each paper. Below is shown a table summary and
subchapters thereafter describe the use of each cell type.

Table 6. Cells culture list showing derivation and cultured media used.

Species,
Cells Type, Culture Media
(Full name) Jr
Derivation
LP cells Human, Roswell Park Memorial Institute
(Lamina propria Primary, (RPMI) 1640 Medium, L-alanyl-L-
cells) Mucosa glutamine, HEPES, FBS, gentamicin
CD14 Human, Roswell Park Memorial Institute
Monocvtes Primary, (RPMI) 1640 Medium, L-alanyl-L-
y PBMCs glutamine, HEPES, FBS, gentamicin
M2MQ Human, Serum-Free Base Media, M-CSF.
(M2 Primary, Iscove’s Modifies Dulbecco’s Medium,
macrophages) PBMCs FBS, L-glutamine, gentamicin
C(I(rjl ]t?e-s%cignif I?r lllnr?;rl; Eagle’s Minimum Essential Medium
fibroblasts) Cell line (EMEM), FBS, gentamicin
CD66b* I?r lilnr?;n’ Roswell Park Memorial Institute
Neutrophils Bloo‘;ly’ (RPMI) Medium, FBS

Concentrations and respective commercial brands are described in each paper. HEPES,
2-[4-(2-Hydroxyethyl) piperazin-1-yl] ethane-1-sulfonic acid; FBS, fetal bovine serum.

3.4.1 LP CELL CULTURE

Cell suspension of bulk LP tissue layer (as obtained on Figure 9) were cultured
for 1 day to obtain conditioned media/supernatants representing the LP
microenvironment from inflamed CD and controls. To make sure the
supernatants were cell/particle/bacteria/debris free, supernatants were filtered.
First, these LP supernatants were used for the quantification of IL-1 (paper
I), TNFa (paper II) or 92 inflammation-related proteins (paper II) with
proximity extension assay (PEA). IL-1p was measured as the main end-point
effector protein of the inflammasome activation cascade in the LP propria. IL-

39



Macrophages in Crohn’s Disease

1P protein measurement was important given that the other inflammasome-
related measurements in the tissue were all at the gene expression level. IL-13
is a pro-inflammatory cytokine released predominantly by immature Mfs.?!6
TNFo was also measured as an important pro-inflammatory cytokine released
from immature Mfs in the LP.?'7 The 92-protein panel was an exploratory
analysis to have an overview of the inflammatory profile of the LP
supernatants, which were then used to stimulate CD14" monocytes to mimic
their arrival in the intestine as newly-recruited monocytes. The aim was to
obtain monocytes in an intestinal like macroenvironment that would resemble
their transformation from monocytes into immature macrophages.

3.4.2 CD14* MONOCYTE CELL CULTURE

CD14" monocytes were cultured because they highly express TREM-1
receptor’!® and are the precursors of newly-recruited Mfs in the intestine.
Peripheral CD14" monocytes were isolated from PBMCs of buffy coats from
healthy subjects and were cultured for 5 h with different conditions (Paper II):
with or without peptidoglycan (from Staphylococcus aureus) which represents
one of the known ligands for TREM-1 and used here as positive control;
TREM-1 agonist, TREM-1 antagonist, anti-TNF or isotype control antibodies
(IgG1, IgG4). Furthermore, to mimic the transformation of CD14" monocytes
when arriving in the intestine, some monocytes were cultured with
conditioned media of LP cells either from inflamed CD or controls. Finally,
stimulated CD14" monocytes underwent gene expression analysis with either
RT-PCR or mRNA counts (subchapter 3.6) using a Myeloid Innate immunity
gene set?!”,

3.4.3 NEUTROPHIL CELL CULTURE AND
APOPTOSIS INDUCTION

During inflammation, neutrophils recruited in the intestine can undergo
apoptosis and produce signals that can attract Mfs to eliminate these apoptotic
cells, a function performed by Mfs named efferocytosis.??’ Efferocytosis is
very important for clearance of the tissue hence resolution of inflammation.
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Peripheral blood CD66b" granulocytes were used in
Paper III and were purified from whole human
healthy blood. CD66b is a glycoprotein associated
with the aggregate formation of human neutrophils??!
and the majority of CD66b" in the blood are
neutrophils that represent the majority of
granulocytes in the blood. Neutrophils are short-lived
and very sensitive cells hence experimental use after
isolation was performed immediately. Furthermore,
the aim was to culture the cells to bring them to an
apoptotic state which per se would imply losing a
good number of cells. In short, CD66b" granulocytes
were purified from fresh whole blood and residual red
blood cells were lysed, a crucial step given that the
whole blood isolation leaves much more red blood
cells behind compared to i.e. isolation from PBMCs.
Isolated cells were stained with a tracer (culture dye),
and spontaneous apoptosis was induced by
incubating the cells in RPMI containing 1% FBS. To
eliminate NETs generated, the cells were treated with
a gentle dissociating solution and filtered. Apoptotic
status was confirmed with flow cytometry by using
AnnexinV. Several factors made this in-house assay
time-consuming and challenging to set up, given that
a myriad of methods in literature exist, all claiming to
induce apoptosis on various cells including
neutrophils. Hence, a lot of testing was required to
establish what worked for our primary cells and is
worth bringing up some discussion points.

Figure 10. Back gating for identifying Annexin® (apoptotic)
granulocytes. Table shows the % of apoptotic cells by using
various concentrations of FBS. FSC-H, forward scatter- hight;
FSC-A, forward scatter-area: SSC-A, side scatter-area.

First, some studies use the method of spontaneous

apoptosis induction by just culturing the cells in culture media and FBS**?
(similarly to the one I performed in paper III). Other studies use ultra violet

radiation-induced apoptosis

223 or chemically-induced apoptosis that involves

the use of a compound that sends the cells to apoptosis, for instance with
potassium chloride solution??* or staurosporine®*>?*, The difference between
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the first and the other two methods is that the first method is more physiological
but requires a longer time (24h incubation) while the other methods require
less time to induce apoptosis. However, for the second method it is not clear if
the chemicals or radiation used have a secondary effect on the cells. Other
studies even use a mixture of the two abovementioned methods by combining
both incubation and chemically- **’ or radiation-induced apoptosis®*®. Yet, the
literature considers all the three abovementioned methods biologically relevant
in inducing cell apoptosis.

Second, regarding the spontaneous apoptosis induction performed by
incubating neutrophils with cell culture media for 20-24 h, studies do not seem
to agree on the amount of FBS to use in the culture ranging from 10%?*° to 1%
FBS?2, For this purpose, I tested concentrations of FBS able to give the highest
number of apoptotic neutrophils (Figure 10) and the use of FBS 1% gave a
higher apoptotic rate and was used in paper III.

3.4.4 M2MQ CELL CULTURE AND EFFEROCYTOSIS
ASSAY

Anti-inflammatory or tissue-resident Mfs are present in very small numbers in
the human intestine both in health and disease.®> We needed a model to
represent these Mfs while having sufficient number of cells for functional
experiments (paper III). Hence, the in vitro equivalent of tissue resident Mfs
M2MQ were used. M2MQ were obtained by culturing purified CD14*
monocytes for 6 days with M-CSF and 1 day with LPS. Macrophage colony-
stimulating factor (M-CSF) is a hematopoietic growth factor that controls the
functional activation of monocytes by controlling their proliferation and
differentiation.”*° On the other hand, exposing M2MQ to lipopolysaccharide
(LPS), as a MAMP present on the gram™ bacterial cell wall that can signal
through CD14, mduces further M2MQ activation. The establishment of this
- M2MQ reproducible cell culture was assessed

 by: (1) measurements of IL-10"g" cytokine

release in the supernatants, via ELISA, which

. is one of the main cytokines released from

 these cells upon activation; (2) confirmed to be

. TNFd" and IL-12p70™¥ in the supernatants,

~ via ELISA, which are instead cytokines

Figure 11. Microscopic view of characterizing MIMQs; (3) microscopical
activated M2MQs culture.
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visualization and formation of Mfs filopodia “arms” (Figure 11) known to be
lacking in monocytes; (4) confirmed to be CD14*CD163*CD80, via Flow
cytometry, especially CD80 given that MIMQ are CD80" (Table 1).

M2MQ were used in paper III for stimulations with FS from patients with CD
and healthy subjects and after stimulations the following were investigated: (1)
secretion of anti-inflammatory and prototypical M2MQ cytokines/proteins in
cell culture supernatants, (2) efferocytosis function to investigate if the FS-
activated M2MQ could perform their natural-GIT ability of clearing up the
tissue; (3) interactions with fibroblasts through the FS-conditioned media of
M2MQ. These last three were thoroughly described in paper II1.

3.4.5 FIBROBLASTS CCD-18CO CELL CULTURE

A primary cell line of intestinal fibroblasts, namely CCD-18Co, was used in
paper IIIl. CCD-18Co has been previously used in research related to
CD.!61:231.22 For instance, most recently CCD-18Co fibroblasts were used to
investigate their activation when exposed to inflammatory monocytes isolated
from inflamed ileal tissue from patients with CD undertaking surgery for
stenosis complication.!®! They are relatively easy to culture (Figure 12, left)
and maintain while performing large experiments and a good static model to
use when aiming to compare multiple treatments/stimulation (i.e. patients’
material with healthy subjects). More precisely, in paper III CCD-18Co
fibroblasts were used to investigate the effect of treatments with (1) with FS
and (2) FS-conditioned media from M2MQ. FS were from patients with active
CD presenting only inflammation (iCD), CD with stenosis and inflammation
(sCD) and healthy subjects. FS-treated fibroblast supernatants were used to
quantify the inflammatory contribution via IL-6, MCP-1 and IL-8 (treatment
1) and the contribution in extracellular matrix formation by measuring
proteins collagen I and fibronectin (treatment 1 and 2). Furthermore, fibroblast
surface (FAP, PD-L1, CD21) and intracellular proteins (a-SMA, TGFf1),

were determined via flow

’ cytometry, to investigate

D

Figure 12. Intestinal CCD-
18Co  fibroblasts.  Left:
Morphology of cells. Right:
Production of collagen I after
72h  of stimulation with
TGFpI 5 ng/mL.

Pro-COLIA1 (OD)

0_
Untreated TGFB1
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phenotypes affected by treatment 1 and 2. Finally, fibrosis-related gene
expression was quantified on fibroblast cultured with treatment 2. To set up
the cell culture time of stimulations and with respect to Mf experiments,
fibroblasts were stimulated with TGFpB1 as positive control (Figure 11, right)
which is a cytokine known to induce activation and collagen production?** and
in the intestine known to partially derive from tissue resident Mfs.?**

3.5 FECAL SUPERNATANTS (FS)

Fecal supernatants (FS) refer to the small molecules remaining from the
dilution and ultracentrifugation of fecal matter/samples (including the removal
of whole bacteria content) as described in paper III methods and as previously
reported.'?® Fecal samples used in this thesis were from patients with CD and
healthy subjects. The CD subgroup was divided further into sCD and iCD as
the aim was to investigate how CD differs from healthy but also if the FS from
stenotic group (sCD) would have a different effect on fibroblasts and Mfs
compared to the group with inflammation only (iCD) and healthy. Although
FS contains several unidentified small molecules, the most measured are the
metabolites. Metabolomics, in the case of fecal samples, is the investigation
of end products of metabolism of microbiota present throughout the GIT.
Hence, the metabolome of FS from the three groups was quantified with gas
chromatography coupled to a tandem mass spectrometer as previously
reported.”3%3¢ Metabolomic profiling of samples obtained from patients with
CD has been previously performed to identify disease related metabolomic
changes reflecting a biological microenvironment. However, metabolomic
profiling it is not exclusive to fecal samples but also urine, intestinal tissue,
plasma, serum as well as breath samples of patients with CD.!*” Finally,
previous research has used FS in a similar way (e.g. differences in
centrifugations) to perform immune cell stimulations assays.!*%2¥

As all the experiments were performed in vitro (cell models: M2MQ and
fibroblasts), and no literature discusses the concentration of FS, it is impossible
to be entirely certain whether the dilution 1:1000 of FS used in the experiments
(paper 1III) is physiologically relevant. However, the choice of this dilution
was decided for different reasons described below. Depending on the specific
research question we performed serial dilutions to establish a concentration
curve from which the dilution was selected. For instance, in the case of the
M2MQ experiments, the levels of secreted IL-10 served as reference point to
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decide the dilution to use for FS (Figure 13). In a first experiment, high
concentrations of 1:50 and 1:20 gave either undetected IL-10 levels (below
limit of detection) or comparable levels as untreated cells (Figure 13, left). In
addition, with these concentrations, by microscopical investigations cells
looked either dead or “unhealthy” (no polarization, no proliferation).
Concentration 1:1000 seemed preliminarily suitable as it reduced IL-10 levels
compared to LPS control (Figure 13, left) and was investigated in a second
experiment with more samples from CD and healthy (Figure 13, right). Testing
of more diluted concentrations, 1:1000 compared to 1:500 and 1:3000 induced
IL-10 in a concentration-dependent manner (Figure 13, right) and 1:1000 was
chosen. Also, 1:1000 was previously shown to be able to influence M1MQs
treated with FS from patients with UC.!*
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Figure 13. Establishing FS concentration to use for experiments with M2MQs. No
treatment, refers to cells cultured with just culture media without LPS and without FS;
LPS 100, cells cultured with LPS at a concentration 100 ng/mL without FS (this is also
what we refer to as control in paper II); FS healthy, cells stimulated with FS from healthy
subjects for 6 days and LPS for 1 day; FS CD, cells stimulated with FS from patients with
CD for 6 days and LPS for 1 day.

3.6 GENE EXPRESSION

Gene expression analysis are widely performed to quantify gene expression in
tissue or cells after RNA isolation and allows for detection of multiple genes
or arrays with a small amount of sample. Although gene expression does not
always reflect protein presence*® or post-translational modification?®’, it is a
reliable indicator when it comes to basic research and more feasible than
protein analysis when it comes to large sample sizes.
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3.6.1 REVERSE TRANSCRIPTION - POLYMERASE
CHAIN REACTION (RT-PCR)

RT-PCR** was performed in house to quantify human mRNA in whole
mucosa, bulk IECs, LP cells, PBMCs and monocytes (paper I and II). Reverse
transcription of mRNA into cDNA is performed as a proxy for the original
mRNA. This is followed by amplification reactions using fluorescence and
target primers and housekeeping genes. As the product adds up, the intensity
of the fluorescence increases, hence the number of cycles required for the
fluorescent signal to cross the threshold gives the Ct value (cycle threshold).
The lower the Ct, the greater the

257 RPLPO %7 eAPDH amount of target mRNA in the
2] o e 20{ oS g2, sample; the Ct value is transformed
TP oree and used for statistical testing.
2 2 Regarding housekeeping genes,
© ol © o these are genes that are supposedly
stable genes that do not change in

5 5 health or disease. A synonym for
housekeeping genes is reference

genes. They are needed as controls
e"é\ O\OQ e}’& o\é\ :

s & P to normalize the sample to that
specific PCR cycle. Since they are
Figure 14: Stable gene expression of stable genes in the cell and assumed
RPLPO and GAPDH intestinal reference to not Change in health Compared to

genes between tissue types and patients in :
CD. RPLPO, ribosomal protein lateral dlsease. t.hey are used  for
stalk subunit PO; GAPDH. normalization of the data as a first
glyceraldehyde-3-phosphate step of the calculations. In addition,

dehydrogenase; Ct, Cycle threshold. they can be used as controls to

check if the PCR reactions have worked. For IBD research, RPLP(O and
GAPDH genes are commonly used and do not change with inflammation or
between individuals®*! (Figure 14). Nonetheless, despite one or two genes
being traditionally selected as reference gene, the consensus in the field is that
the use of multiple housekeeping genes should be employed.?*> The use of
multiple housekeeping genes, specific for human intestinal tissue, would allow
to have a more reliable normalization factor and detect small changes in gene
expression, given that some genes that are expressed naturally low could be
important to capture.
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3.6.2 PCR ARRAY

For quantifying gene expression in primary intestinal fibroblast cell lines
CCD-18C0*® I used the Fibrosis panel of RT? Profiler PCR Arrays (Qiagen)®*
in paper III. In contrast to traditional PCR, this method allows the simultaneous
measurement of a panel of 84 genes for the same sample, includes multiple
housekeeping genes, and several built in quality check parameters. An
advantage of the method is that given the use of 384-well plates it is possible
to run all genes for a single sample in one plate avoiding the intra plates
variabilities that occurs in the traditional 96-well plates PCR. The gene panels
are personalized, and the protocol is straightforward. A limitation of the
method is that housekeeping genes are pre-selected to fit a wide range of
cells/diseases and are not fibroblast- or CD-specific. This could possibly be
solved by choosing a custom-made panel instead rather than a pre-made one.

3.6.3 mMRNA COUNTS

Gene expression, by counts of the native mRNA, was performed using the
nCounter Technology.”* This analysis was performed in whole mucosa
samples of patients with CD and control subjects (paper I and II), and on
stimulated monocytes (paper II). As opposed to RT-PCR, with this method
there is no amplification step. nCounter barcoding technology detects mRNA
directly by using a capture and a reporter probe which are specific for the gene
intended for measurement in the sample. Hence, it will build a mRNA-target-
probe complex. After hybridization, the excess probes will be removed, and
the purified complexes are immobilized on an imaging surface. Finally, each
sample on the imaging surface is scanned by a mechanized fluorescence
microscope, where labeled bar codes are directly counted, and the counts are
used for further quantifications. An advantage of this method compared to the
previous two is that it avoids the amplification step (¢cDNA synthetized from
mRNA) and eliminating the technical variability that comes with that step.
Another advantages are that it does not rely on having all the samples and genes
on a single PCR plate and that it gives good results for formalin-fixed paraffin-
embedded tissue samples. The samples are individually analyzed and reliably
compared between each other. A disadvantage of the method is the amount of
sample required and sometimes the existence of novel gene variants not
captured in the pre-made panels.
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3.7 SECRETED PROTEINS

A variety of targeted and untargeted protein/cytokine expression analyses are
traditionally and increasingly being used in IBD to study the disease, as
treatment biomarkers or in IBD pre-clinical research.’>?**!* Targeted
methods detecting either single or multiple proteins simultaneously allow the
robust and quick quantification of key study proteins or large number of
proteins if a semi-screening needs to be performed. In my thesis I have used
various targeted methods for detection of proteins.

3.7.1 ENZYME LINKED IMMUNOSORBENT ASSAYS
(ELISA)

ELISA was extensively used in my thesis work to detect main cytokines
released from Mf, M2MQ?*" or that are relevant for CD.2*® More specifically,
IL-1B and TNFa were measured in supernatants of cultured bulk LP tissue cells
(named conditioned media in paper I and II); IL-10, TGFB1 and TGFfB2 in
supernatants of M2MQ; IL-6, MCP-1, IL-8, collagen and fibronectin in
supernatants of intestinal fibroblasts (in paper III). All these proteins
mentioned were reported in the respective papers, but also important to
mention that several other proteins were measured to confirm that a method
worked but were not reported. For instance, during the polarization of CD14*
monocytes into M2MQ the cytokine IL-12, a cytokine prototypical of MIMQ
and monocyte-derived dendritic cells, was confirmed to be low as expected.

3.7.2 PROXIMITY EXTENSION ASSAY (PEA)

PEA immunoassay, in the form of a commercial inflammation panel
containing 92 proteins®*’, was used for analyzing serum from patients with CD
and healthy subjects (paper I), and supernatants of cultured bulk tissue cells
from patient with CD and control subjects (paper II). PEA uses antibodies
labelled with DNA-oligonucleotides probes that bind to target proteins in the
test sample.”>® Once close, oligonucleotides hybridize and expand by DNA
polymerase. This newly created piece of DNA barcode is amplified via
traditional PCR. From Ct values, normalized protein expression is calculated
that is inversed relative to the Ct value. An advantage of this method is the use
of very little sample and after multiple freeze-thaw cycles of the samples the
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proteins are still quantifiable.”' Disadvantages of the method include the

difficulty in comparing data from old samples with new samples, given
possibly by differences in results due to batch-specific antibody performance.

3.7.3 ELECTROCHEMILUMINESCENCE ASSAY

This immunoassay using a commercial Mesoscale discovery (MSD
panel was used to quantify proteins/cytokines specific for M2MQ (M-CSF,
IL-1RA, TARC, IL-6, MCP-1, Eotoxin-2, IL-23, MDC, IL-13, and IL-4) in
supernatants of FS-treated M2MQ (paper III). The method allows for targeted
protein measurements in a small sample amount. First, each of the antibodies
is combined with their linkers. A linker is a specific molecule binding to a
specific location in the plate. Second, the test protein in the samples binds to
the capture reagent and antibody-linker complex binds to the protein to form a
final sandwich immunoassay. Finally, the signal is detected using
electrochemiluminescence. Although it is a targeted approach, the method
allows for a very high range of detection and sensitivity. Hence, it is
advantageous for experiments, like this here, where due to a new stimulation
condition of the cells there is no way to predict the concentration range of
multiple proteins. A disadvantage of the method is the cost and the difficulty
in directly comparing the results with other traditional methods such as ELISA.

)252,253

3.8 FLOW CYTOMETRY

Flow cytometry is one of the most used techniques to quantify and identify
human immune cells and, in numerous cases, non-immune cells. Flow
cytometry is a method that provides rapid multi-protein detection, hence can
distinguish cells for example in a tissue-derived cell suspension. The flow
cytometry machine uses light sources to produce both scattered and fluorescent
light signals that are transferred to detectors. Scattered lights (FSC, forward
scatter and SSC, side scatter) are usually used to differentiate cells by size and
granularity.”>* Fluorescent light comes from antibodies conjugated to
fluorochromes and is used to distinguish cells that express that specific target
for the antibody. The light and fluorescent signals are detected and transformed
into electronic signals that are processed by a computer.
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When using a panel, e.g. of 10 antibodies, we need to design the panel so that
we detect all the fluorochromes (conjugated to an antibodies) without
excessive spectral overlaps. For this purpose, antibodies are assigned
fluorochromes that fall into different and distant spectra (especially when
staining similar cell subsets) and antibodies specific for low expressed target
proteins are assigned brighter fluorochromes to make sure they are detectable.
Most spectral overlaps are removed by compensation while some spectral
overlaps are acceptable for instance when the antibodies are used with the aim
to exclude population of cells.*® As the flow cytometry technique has a lot of
background noise that can affect the results, controls are needed to distinguish
background signal from real signal. Controls are also needed to make a correct
gating (see below). The most commonly used controls are fluorescent minus
one (FMO) or isotype controls. FMO is a panel of all antibodies in question
but excluding the antibody of interest. This panel allows to visualize how the
data looks without the antibody of interest. Isotype controls are antibodies of
the same type and origin, conjugated to the same fluorochrome as the antibody
of interest. Isotypes don’t bind to the target cell marker and are used in parallel
to set the gate.

800 a-SMA
500 In my thesis I have extensively used flow
cytometry both in primary tissue cells as
L 00 well as cell lines (Papers I, II, IIT). The

technique I used allowed for up to 15
2001 fluorochromes to stain for different
surface proteins which gave a good
characterization of many subsets of
immune cell populations within a sample.
After processing the intestinal tissue of
patients with CD and controls to a cell

Method 1 Method 2

Figure 15. Expression of
intracellular a-SMA protein on
fibroblasts is affected by the method

of staining. Method 1: staining of the
extracellular proteins was performed
first and was followed by the staining
of intracellular protein a-SMA.
Method 2: staining of intracellular
protein a-SMA was performed first
and was then followed by staining of
extracellular proteins on the same
sample of fibroblast cells. MFI,
median fluorescence intensity.

suspension, samples were stained for
surface markers. Regarding the M2MQ
and fibroblast cell line, there was no need
for pre-processing of the sample but it was
performed just a detachment from the cell
culture plate and then surface and/or
intracellular protein staining.

Intracellular protein staining was

performed for fibroblasts only. In contrast to performing surface staining
alone, which was performed on live cells and was straightforward, the addition
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of intracellular staining required some optimization. Intracellular staining
includes extra steps such as fixation/permeabilization that can affect the
fluorochrome-conjugated antibodies.?*® It is hence essential to ensure that the
method used does not affect the expression of the protein of interest such as a-
SMA in this case (see Figure 15 example).

Table 7. Surface and intracellular makers investigated by flow cytometry.

Used to identify all immune cells in the intestinal mucosa.

CD45 Becausq it.is a glyc;oprote%n expressed by nucleated

hematopoietic cells, it is estimated that up to 10% of an
immune cell’s surface expresses this protein.>’

Used to identify and exclude the lymphoid lineage (T cells, B
CD3, .
cells and NK cells, respectively). As the research focus was
CD19, Cl S
on the myeloid lineage, we excluded the lymphoid lincage
CD56 258
cells by these surface markers.

HLA-DR is an MHC class II surface receptor. MHC-II is an
antigen-presenting molecule expressed at high levels on
HLA-DR | antigen presenting cells (dendritic cells, Mfs, B cells). With
the previous exclusion of B cells HLA-DR identifies MNPs or
dendritic cells and Mfs in the intestine.

51?11141; Used to identify Mfs in the intestinal tissue. Subsets and Mf

markers are described in the introduction 1.3.2
CDllc
XCRI,
CDlc, Used to identify dendritic cells.
SIRPa
CD14,

CD163, Used to characterize M2MQ polarization and effects of FS
CD206, | treatment. Included are prototypical markers for all Mfs, such

CD36, as CD14, and markers under debate such as CD36.
CDllc

Surface marker expressed by human IECs.?? As digestion of
EpCAM each human sample is variable, this marker was used to
distinguish the epithelial layer cells from the immune cells in
the intestine. It is a widely used and reliable marker.

Absence of these two markers were used to delineate the
CD45, stromal compartment of the intestine, which are non-immune,

EpCAM | non-epithelial cells present in a lesser amount in the mucosa.>
260

51



Macrophages in Crohn’s Disease

;;ﬁj& Sul"face apd int.racellular markers gsed to characterizp the
PD—LI’ ~ primary .1ntest1na1 fibroblast cell line. Markers are either
D21 ’ 1dentification Iparke'rs such as 'a—SMA, or markers related to
T GFBi intestinal fibrosis such as FAP.
Amine-
;;:f;} V;_ Used to identify dead cells
AAD
Used to detect apoptotic granulocytes. Apoptotic granulocytes
AnnexinV were assessed for phosphatidylserine translocation via
AnnexinV binding.?%?
CD14* Used for establishing the purity of MACS separated
CD6 6b’* monocytes from PBMCs and granulocytes from blood
respectively.

The table provides a short summary of all the flow cytometry markers used to identify and
study the cell populations in this thesis: immune cells, fibroblasts, and IECs. CD, Cluster
of differentiation; SIRPa, Signal regulatory protein a; EpCAM, Epithelial cell adhesion
molecule (EpCAM); FAP, fibroblast activating protein; a-SMA, a-smooth muscle actin;
PD-L1,Programmed death-ligand; TGFf1, Transforming growth factor beta; 7-AAD, 7-
aminoactinomycin D.

Box 2 — “Gating”

"Gating" in flow cytometry refers to the selection of sequential cell subsets
for analysis to reach the subset of interest. Gating usually starts from a
bulk/large mixture of different cell populations and goes down to specific
targeted subsets. It is important for instance in the case of tissues given the
huge heterogeneity of cell composition. Given that the digestion process of
obtaining primary cell suspension decreases the number of viable cells, we
also gate to exclude dead cells. Hence, gating usually starts with selecting
cells (with FSC-Area/SSC-Area) to distinguish them from debris and
continues into selecting singlets (by using FSC-Area/FSC-Hight or FSC-
Area/FSC-Width ), gating for live cells and finally cell subsets based on
specific proteins. Gating is usually performed manually, and it needs
controls (FMO), as well as knowledge of cell properties (e.g. what surface
proteins and at what level they are expressed by a specific cell). One cannot
start to analyze Mfs in flow cytometry without having knowledge of the
basics of Mf identification in the tissue including their ontogeny. However,
despite gating being widely used in research, there are substantial debates in
how gates should be applied and efforts are being made to promote the use
of automatic instead of manual gating.?®*
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3.9 CELL SORTING

Cell sorting (or separation, isolation, purification) was performed in all the
papers of this thesis for different purposes, but more frequently in paper III.
The two methods below were used, which are also important methods existing
in immunological research.

3.9.1 MAGNETIC-ACTIVATED CELL SEPARATION
(MACS)

MACS is a method, developed by Miltenyi Biotec company®*, that uses
magnetic nanoparticles conjugated to antibodies specific for a certain
receptor/structure on a specific cell. MACS allows the separation/purification
of a cell type of interest that is either retained (positive selection) or depleted
(negative selection) when passing through a strong magnetic field. The main
advantage is that the method is quick and easy to use, does not require a
machine and can be used under sterile conditions in case the purified cells are
intended for cell culture. The materials needed are only nanoparticle-
conjugated antibodies, a magnetic separator, test tube or column and a washing
buffer. Other advantages are that the procedure is gentle, and the cells do not
undergo major stress. In addition, the yield and purity are good. The yield can
be evaluated by simple cell counting but the purity requires the use of other
methods such as FACS, however this is usually done only when a method is
set up or a new kit is used. The main disadvantage is that it is less suitable for
purifying low abundance populations of cells which can be purified at the
expense of the yield. Furthermore, some studies have shown that the magnetic
nanoparticles may hamper cell function.?® In this thesis, MACS was used to
positively select/isolate CD14" monocytes from PBMCs (Paper II and IIT) and
to positively select/isolate CD66b" granulocytes from whole blood (Paper III).
Both cell types were used for culturing and functional experiments. While
isolation from PBMCs only required washing steps, isolation from whole
blood required an extra step of red-blood cells elimination.
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3.9.2 FLUORESCENT-ACTIVATED CELL SORTING
(FACS)

FACS is a technique used to sort/isolate specific cell subpopulations based on
phenotypes identified by flow cytometry.’® A pool of a heterogeneous
population of cells, e.g. from tissue, are stained with fluorescent antibodies and
cells of interest are sorted, based on their antibody-fluorescent signal, into one
or more cell subsets at a time. The advantages of the method are the possibility
to sort even small subsets of cells, the simultaneous sorting of more than one
type of cells from a sample and the yield/purity like MACS. The main
disadvantages and differences compared to MACS are that it is a time-
consuming procedure that requires setting up the machine in advance, and the
cells can undergo mechanical stress due to the high stream speed in which the
cells to be sorted pass through. In addition, there is a risk of two different types
of contamination: (1) if the sorted cells are to be cultured, contamination from
bacteria/particles can occur since the machine is not kept in sterile conditions;
(2) since the cells are sorted into fluidic droplets following a stream there is
risk that one type of cell can get contaminated with another type of cell. The
second risk can be adjusted by decreasing the stream speed and changing the
sorting mode but non-visible malfunctioning is also possible since the machine
requires a lot of setting adjustments and experience. In this thesis, FACS was
used to sort cells from intestinal mucosa cell suspensions: CD45" immune
cells, EpCAM" IECs, EpCAMCD45 stromal cells, CD14"HLA-DR" MNPs
(paper I and II). All sorted cell types were used for RT-PCR gene expression
analysis.

3.10 IMMUNOFLUORSCENCE (IF)
MICROSCOPY

Multicolor immunofluorescence (IF) microscopy was employed to analyze the
expression of membrane bound TREM-1 protein on formalin-fixed paraffine-
embedded ileal mucosa from patients with CD and control subjects. The
staining method used is called tyramide signaling amplification (TSA)?7- 268
and is an enzyme-mediated IF method that utilizes the catalytic properties of
horseradish peroxidase to generate high-density labeling of a target protein in
situ.*® The method gives the advantage of simultaneously staining multiple
proteins (up to 7) on the same tissue slide allowing a full image and comparison
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of proteins on cells without the need to use different slides. Microwaving is
used to quench endogenous peroxidase activity and to eliminate left-over
antibodies after a target has been detected with a TSA-fluorophore. This IF
protocol is both convenient when there is little tissue, and when there is the
need to use multiple markers to identify a certain immune cell type (such as
Mfs in our case). The disadvantage of the method is the initial laborious
procedure when designing a panel and deciding the order of the proteins to
stain for to be able to capture all the protein signals. For instance, lowly
expressed proteins should be stained at the very end of the protocol to avoid
the deterioration/fading by the microwaving/reagents used in the previous
steps. Another limitation is that when it comes to Mfs not all markers, for
instance used in flow cytometry, can be found to use in IF with TSA and this
limits the choices. In paper II, IF was performed to simultaneously stain 5
proteins and localize the membrane-bound (1) TREM-1 protein in situ together
with (2) CD163 (Mfs) (3) CD11c (Mfs/dendritic cells) (4) Pan-CK (IECs) and
(5) DAPI (cell nuclei). The last two markers were used to delineate the tissue
structure.
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3.1 GRAPHICAL EXPERIMENTAL
SETUPS
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Figure 16. The figure illustrates a summary of the experiments and methods used in each paper
of this thesis work. Clarifications: Paper I (D), Inflammasomes were analyzed in whole mucosa,
bulk LP cells, bulk IECs as well as purified/sorted cells; Paper Il (C), Gene expression analysis
was performed on whole mucosa tissue of CD and UC as well as sorted cells of CD; Paper Il
(B-D), Fibroblasts similarly to M2MQ were analyzed with flow cytometry and ELISA.
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4 RESULTS AND DISCUSSIONS

This chapter is a personalized summary and discussion of the main results, and
a few aspects that for a matter of journalistic restrictions occupied less space
in the respective papers. Despite the multiple findings reported in the
respective papers, this section is intended to provide my point of view in
relationship to innate immunity, macrophages, and CD disease-related
parameters as the focus of this thesis.

4.1 PAPER |

Paper I' had a focus on inflammasome components expression, as innate
immune platforms, in patients with CD. It was shown that gene expression of
various inflammasome components, especially NLRP3, MEFV and IL-15, were
differentially expressed in intestinal samples of patients with CD ileitis, CD
colitis (Figure 17) and patients with UC compared to controls. In addition, this
differential expression was not only disease-related but also compartment-
specific, given that there were also differences in expression between ileum
and colon within CD. Finally, the gene relative expression of some
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Figure 17. Results summary of Paper I (Figures 1 and 2 of the paper) showing gene
expression changes in whole mucosa samples and with respect to compartment differences
(ileum vs colon). Shown are only the inflammasome components that were differentially
expressed between patients with CD and healthy/control subjects. Ileum cohort 1 and colon
were analyzed with RT-PCR while ileum cohort 2 was analyzed with mRNA counts gene
expression analysis. These results on whole mucosa analysis also directed the
focus/continuation of the second part of the paper focusing only on MEFV, NLRP3, CASPI
and IL-1B, and only on ileum cohort 2.

inflammasome components correlated with the disease activity HBI (CD) and
Mayo score (UC). Changes in gene expression possibly reflect abnormal
signaling pathways driven by the inflammasome platform in the intestinal
cells. Considering that the intestinal inflammasomes regulate responses to
bacteria (commensal and pathogens)*’**"1182 and that during IBD there is an
increased passage of bacteria and MAMPs, our results could point to an
involvement of inflammasomes in disease pathogenesis. A complete
understanding of the mechanisms driving the pathophysiology of ileal vs
colonic CD, is currently under study.*’?”> As pointed out in the paper itself,
ileal vs colonic CD may represent separate entities in terms of inflammasome
activity and function which warrants further investigations.

Purified CD14"HLA-DR" intestinal MNPs expressed relatively high levels of
inflammasome genes NLRP3, MEFV and IL-1f. Among analyzed MNPs the
expression of these genes was attributed to immature Mfs. As a confirmation,
bulk LP cells secreted IL-1B protein, the main cytokine downstream
inflammasome activation, that was also correlated with immature Mf
frequency. In paper II we showed that among these MNPs, immature (pro-
inflammatory) Mfs are increased in number in CD compared to controls.? The
increase in number of immature Mfs together with the gene expression of
inflammasome components indicates an increased activity of Mfs in the
intestine of patients with CD that is driven partially by inflammasomes.
Finally, a number of inflammasome genes, including MEFV and NLRP3, were
also differentially expressed in unstimulated PBMCs of patients with CD
compared to healthy subjects. PBMCs contain monocytes which are the
precursors of immature Mfs in the intestine. A previous study has shown that
LPS-activated PBMCs of patients with CD compared to controls had induced
activation of NLRP3 inflammasome.”® MEFV levels in monocytes and
monocyte-derived Mfs were also previously shown to regulate IL-1P
release.'®® These suggest that blood immune cells, including monocytes, are
predisposed to a higher inflammasome activity in CD compared to healthy
before their arrival in the tissue due to the chronicity of CD. Whether the
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differences in inflammasome expression in PBMCs we show are affected by
cytokines/proteins serum of patients with CD providing different signals for
priming of monocytes compared to healthy, or whether monocyte origin is
shaped by the disease is yet to be established.

The CD cohort in this paper was a cohort of patients with active CD (defined
by HBI) that due to various complications underwent surgery (at which
timepoint the mucosal sample was also collected). Hypothesizing that this
cohort would have a distinct systemic protein profile compared to a sex- and
age-matched healthy cohort, we measured a panel of 92 inflammation-related
serum proteins. Of these, 16 proteins were found differentially expressed
including inflammatory cytokines such as IL-6, IL-8, CSF-1 (colony
stimulating factor 1, also known as M-CSF) and CXCL1 (chemokine (C-X-C
motif) ligand 1); and fibroblast growth factors such as FGF-19 and FGF-21. In
addition, a number of these quantified serum proteins, correlated with
inflammasomes gene expression in the LP, and belonged to pathways of
macrophages/monocytes chemotaxis, responses to LPS and more. The
differential expression of inflammatory proteins in CD serum such as CXCLI
and IL-6 have been previously confirmed by other studies in CD?’* and M-CSF
spontaneously secreted by monocytes is believed to have a role in bringing
active CD into remission.’’”* Overall, the changes in serum protein levels
described in this paper relate to the involvement of multiple cell types and
suggest that circulating proteins reflect the chronicity of the ongoing processes
within the GIT during active CD. Moreover, the correlation of some serum
proteins and inflammasomes with the CD disease activity index support the
prevailing knowledge of the active role of these inflammatory platforms in the
disease pathogenesis.

4.2 PAPER I

In paper II,> the focus was on the role of the TREM-1 receptor in disease
pathogenesis in patients with active CD. TREM-1 receptor is an amplifier of
inflammation and the investigation in this paper attempted to block the receptor
as potential CD treatment. We demonstrated that the TREM-1 receptor was
induced in patients with CD and UC compared to controls, while no differences
between ileal vs colonic expression in CD was detected. These finding are
consistent with previous reports of increased TREM-1 expression in colonic
mucosa'”, increase of TREM-1 peptidoglycan ligand'*®!°7 as well as increase
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of soluble TREM-12"%, in IBD compared to healthy. Furthermore, our findings
suggest only a tendency in correlation of TREM-1 expression with disease
activity, measured by HBI, in active CD. As discussed in the introduction of
this thesis, disease activity for CD is established by a vast number of
index/scores/questionaries (that include or not an endoscopy) or by
biochemical parameters (calprotectin, CRP). Whether the use of HBI alone, or
any parameter alone, is a reliable measure for activity in CD is yet not clear.
For instance, when it comes to soluble TREM-1 expression, previous studies
have found that CRP was better correlated with soluble TREM-1 compared to
the erythrocyte sedimentation rate?’, but both are biochemical parameters used
to determine disease activity in patients with CD.

Mfs, among other effector cells, have been linked to the TREM-1 expression
contribution in the intestinal mucosa. In paper II, TREM-1 receptor expression
was differentially expressed in LP layer cells of patients with CD compared to
controls, and within isolated subsets of LP cells TREM-1 gene expression was
relatively higher in MNPs. This implied that TREM-1 expression was
indirectly credited to MNPs for the most part. To start with, the main subsets
of MNPs in the current cohort needed to be defined, according to the most up
to date cell markers. As mentioned above, MNPs including Mfs subset
functions are in continuous re-definition as the knowledge about the intestinal
mucosa increases by e.g., the use of new single cell technologies that allow a
broader mapping of subsets, or studies on specific cell markers. Given the new
gating strategy for Mfs, as reported by the sophisticated work of Bujko et al”
for healthy intestinal tissue, it made sense to apply these in CD compared to
controls. A summary of flow cytometry results describing differences in MNP
subsets, with focus on Mfs, are reported below (Table 8). Key findings
included an increase in frequency in immature (monocyte-derived) Mfs (Table
8, row 3-5), which are distinguished from mature Mfs by CD11c expression.
Mature Mfs did not change in frequency (Table 8, row 6-8). When assessing
the TREM-1"Mfs there was still an increase in CD compared to controls but
that remained only among CD45" and not among Mfs (Table 8, row 16-18),
suggesting that increase in TREM-1" cells is mainly due to the increase in
number of immature newly-recruited Mfs (Table 8, row 17-18), rather than to
mature Mfs. This has also been previously shown in mice.?’® Additionally, we
confirmed TREM-1 expression on immature macrophages in situ by
immunofluorescence analysis that showed a correlation between TREM-1
protein expression and a marker for immature Mfs, CDI1c.” As
abovementioned, CD11c is a marker that can also distinguish immature Mfs
from mature Mfs.
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Table 8. Summary of cell subsets changes reported in paper Vig showing
increase/decrease/no change in patients with CD compared to control subjects.
Cell subsets changed in 5
Paper
CD... ...among ...among | ...among cource
CD45* MNPs Mfs )
1 | MNPs Increase Fig.2B
2 Mfs Increase Increase Fig.2C,
2D
3 Immature Mfs Increase Fig. 2E
4 Mf1 | Increase Fig. 21
5 MTf2 | Increase Fig. 21
6 Mature Mfs No change Fig. 2F
7 Mf3 | No change Fig. 2]
8 Mf4 | No change Fig. 2]
9 Suppl. 2F,
cDC Increase No change Fig.2C
10 cDCl1 No change Suppl. 2G
11 cDC2 Increase Suppl. 2G
12 [ DN e¢DC No change Suppl. 2G
13 | CD11-CD14 Decrease Decrease Fig.2C
14 | Lin No change Suppl. 2E
15 | TREM-1* Increase Fig. 3A
16 | TREM-1*Mfs Increase Fig. 3B
17 TREM-1"Mf1 | Increase No change | Fig. 3E
13 TREM-1"Mf2 | Increase No change | Fig. 3E
19 TREM-1"Mf3 No change | Fig. 3E
20 TREM-1"Mf4 No change | Fig. 3E
+ +
21| TREM-1"CD11b Increase Fig. 3B
Granulocytes
22 | TREM-1*¢DCs No change Fig. 3B

The gating levels are reported (among CD45*, MNPs or Mfs). Lin~ refers to non-
lymphocytic cells as defined by CD3 CD19°CD56". The subset marked as CDI11"CDI14
refers to plasmacytoid dendritic cells. CD45" refers to all immune cells within the LP layer.

MNPs refers to the mononuclear phagocytes within the LP layer.

Given that the TREM-1" cells were mainly immature Mfs, which derive from
newly-recruited monocytes, CD14" monocytes conditioned with LP cell
supernatants from patients with CD or controls were used in vitro to mimic the
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arrival of monocytes in the intestine and study the TREM-1" pathways. CD14*
monocytes stimulated with either TREM-1 agonist, supernatants from LP-
control or supernatants from LP-CD each showed a unique profile of gene
expression when compared to the respective IgG controls. Furthermore,
supernatants from LP-CD showed inflammation-related changes when
compared with supernatants from LP-control, including increased levels of 1L-
6, IL-1B, CCL3 and CCLA4. Finally, stimulation with TREM-1" agonist and
stimulation with supernatants of LP-CD induced expression of several of the
same genes, although at different expression levels. This can possibly be due
to LP carrying ligands for TREM-1 as previously shown. !4

Efforts were made to reduce immune activity induced by supernatants of LP-
CD with a TREM-1 antagonist. Concomitant stimulation with supernatants
from LP-CD and TREM-1 antagonist resulted in a decrease of relevant gene
expression pathways such as pathogen response, cytokine and TLR signaling
also including IL-6, CCL3 and CCL4 (these last three genes were previously
increased with TREM-1 agonist treatment). However, the investigation of the
three genes with a larger cohort of supernatants of LP-CD did not confirm the
changes. This could be both due to the fact that TREM-1 is a receptor that
could trigger various inflammatory signals and that supernatants of LP-CD
have a vast number of ligands/cytokines/proteins that can interfere with the
TREM-1 signaling in CD14" monocytes.?”-19%:14

Given that TREM-1 blockage alone did not result in predominant decrease of
immune activity, a double blockage using TREM-1 and TNFa antagonist was
investigated. The double blockage resulted in dampening of IL-6 on
monocytes, slightly more pronounced as compared to anti-TNF alone. In paper
I we showed that IL-6 protein expression levels are increased in the serum of
CD and correlate with disease activity (HBI).! Similarly, other studies have
shown serum IL-6, CRP levels and fecal calprotectin (different disease activity
markers compared to the HBI used in our study) of patients with CD to be
associated with clinical/endoscopic remission.?”® Mfs and CD4" T cells are the
main producers of IL-6 in IBD and IL-6-driven polarization of Mfs into pro-
inflammatory Mfs contributes to the inflammatory pool of IBD.?*#% In
addition, IL-6 action on the immune system is overall defined as pleiotropic
and conditional on the phase of inflammation and targeted cell type.'*
However, dampening IL-6 in IBD concomitant treatment may has potential to
provide clinical benefits.** TNFo, antagonists are currently approved for CD
management?®!-?*2 but the drug works only for one-third of IBD patients3. It
should be noted that, in our data, TNFa cytokine secreted from the LP cells of
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CD consistently correlated with the immature Mf subpopulations and TREM-
1" subpopulations. Further, patients with CD that showed high in TREM-1
expression also presented with high expression of TNFa. Hence, there might
be a connection between the TREM-1 and TNF signaling. It is not clear if
TREM-1" cells induce TNFa or if TNFa' cells are recruited consequently. As
the TREM-1 receptor may join forces with other inflammation-related factors
to influence the microenvironment of the CD mucosa concomitant blockage of
more than one receptor might be more promising for dampening inflammation
compared to a single drug.

4.3 PAPER | AND Il

The inflammasome and TREM-1 papers used the same cohort of patients with
active CD. The cohort was relatively small and patient heterogeneity is to be
considered a limitation when investigating inflammation-related innate
immune proteins. This is especially important because patients with active CD
have as a main feature ongoing and chronic inflammation that is driven by
innate immune cells. In addition to ongoing inflammation, there are many other
complications, features or extraintestinal manifestations that define the CD
disease complexity. It is widely shown that, even with stratification of large
cohorts of patients with CD, it is challenging to establish disease biomarkers,
predicting optimal treatment targets and methods to predict disease activity. In
fact, as mentioned above, only one third of IBD patients respond to anti-TNF
biological treatment, and the immunobiology of responders vs non-responders
is still under discussion in the field. Patients with CD considered in paper I and
I had mixed demographics, disease duration, treatment history and indications
for surgery (complications). Despite this, no stratification was attempted
because the cohort was relatively small. Although the use of small cohorts is
not unique to our investigation but common in preclinical research in general,
investigating a bigger cohort of patients with CD could reveal more concrete
knowledge on the potential use of blocking TREM-1 and of the targets/roles
of the inflammasomes in the pathogenesis of CD. Regarding the Mf subsets
investigation, the small ileal cohort seemed to be enough and showed
consistent results with literature in healthy intestine”, mice?’® as well as CD
studies in colon'®.
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4.4 PAPER I

The focus of paper III was on M2MQ and intestinal fibroblast cells influence
by feces-derived fecal supernatants (FS), as a model for intestinal
microenvironment, and the communication with each other. FS were obtained
from patients with active CD and compared to FS derived from healthy
subjects for all experiments. In addition, patients with CD were subdivided into
two categories: patients with stenosis (sCD) and patients without stenosis
(iCD). Both subgroups had ongoing inflammation being a cohort of active CD.
The M2MQ used are an in vitro model representing the tissue-resident Mfs in
the intestine”* given that the latter as such are less abundant in human
intestinal tissue samples both for healthy and CD% and hard to obtain in
sufficient numbers. The results showed that sustained priming for 3 days with
CD-derived FS  compared to  healthy-derived FS, polarized
CD14"CD163"CD80" M2MQs into a more anti-inflammatory phenotype. The
anti-inflammatory capacity and polarization of M2MQ in this paper were
defined by a series of proto-typical and exploratory surface and secreted
proteins important for M2MQ function (summary of the results is shown in
Figure 18).

In our results, CD-derived FS induced elevated levels of anti-inflammatory
secretions (IL-10, TGFB1, TGFB2, IL-1RA, IL-6) and surface marker proteins
(CD206, CD36, CDl11c) compared to healthy-derived FS. Similarly, it was
also previously shown for UC where UC-derived FS induced impaired
polarization of MIMQ compared to healthy-derived FS."** Anti-inflammatory
secretions, such as IL-10 and TGFp1, are prototypical of tissue-resident Mfs.'*
In addition, tissue-resident Mfs, especially CD206"¢" Mfs, secrete high levels
of IL-10 and are involved in mucosal healing.?8>!% Regarding CD36, functions
have been related to efferocytosis of macrophages!!s, absorption of lipids in
the intestine'!’, and can influence macrophage response to bacterial LPS?¢. In
mice, CD36-deficient Mfs were shown to result in reduced kidney fibrosis
compared to wild-type, and this effect was attributed to their efferocytosis
function."”® An increase of CD36, by FS from iCD and sCD compared to
healthy in our study, might indicate that FS of sCD contains increased signals
to perform efferocytosis during fibrosis. However, the efferocytotic capacity
of M2MQ toward apoptotic primary neutrophils was tested, and FS was not
able to affect efferocytosis in our in vitro setting. Given that FS in our study
was added to the cell culture in an attempt to mimic the intestinal
microenvironment of CD, the changes induced by FS could point to the efforts
of tissue-resident Mfs to try to stabilize pro-inflammatory processes through
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FS, and restore wound healing. Given the scarcity of treatments for CD, with
current treatments mainly holding off the flares with immunosuppression,
promoting mucosal healing has been proposed as a promising therapeutic
approach to direct new studies treating CD.?%
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Figure 18. Surface markers and secreted proteins by M2MQ stimulated with FS from CD, iCD,
sCD and healthy subjects. On the left, the markers/proteins that were expected to be expressed
from the M2MQ polarization method are shown. On the right, the markers/proteins that were
aimed to investigate the effects of F'S on M2MQ are shown. CD(n), Cluster of Differentiation
(number); IL, Interleukin; TGFp, Transforming growth factor beta; M-CSF, Macrophage-
colony stimulating factor; MCP-1, Monocyte chemoattractant protein-1; TARC, Thymus and
activation regulated chemokine or CCL17; MDC, Macrophage-derived chemokine.

Stenosis in patient with CD, as a complication occurring in one out of three
patients within 10 years of diagnosis, presents as chronic transmural
inflammation with subsequent hyperplasia and fibrosis buildup.?®® Tissue-
resident Mfs are found in and around fibrotic areas.!®* In our investigation the
majority of differences, induced by FS on M2MQ, were observed for the

65



Macrophages in Crohn’s Disease

comparison CD vs healthy subjects, although a few differences were evident
for the comparison iCD vs sCD as well (Figure 18). Upon priming the M2MQ
with FS from patients with sCD compared to iCD, there was an upregulation
of surface markers CD206, CD36 and a slight separation by the total secreted
protein profiles measured with MSD. Regarding CD206, CD206" Mfs are
described in literature as pro-fibrotic and found on fibrotic areas locations in
the intestine.?*%?! Interestingly, CD206 seems also to be related to IL-10 as
colonic Mfs expressing CD206 seem to acquire higher expression of IL-10.'%®
Despite an increase of CD206 in our data it is not clear from literature the
precise type of involvement in the fibrosis processes of CD206 and whether
(1) CD206" Mfs are recruited following initial pro-fibrotic signals, or if (2)
CD206" Mfs themselves contribute to the initiation of fibrosis buildup, or (3)
if CD206 Mfs are found in fibrotic areas given the tissue structure changes
(e.g. stenosis, strictures). A translation of our in vitro findings to the in vivo
setting requires further investigations.
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Figure 19. Surface/intracellular markers and secreted proteins by fibroblasts stimulated with
ES from CD, iCD, sCD and healthy subjects. On the left, the markers/proteins that were
expected to be expressed from the fibroblast culture method used are shown. On the right, the
markers/proteins that were aimed to investigate the effects of F'S on fibroblasts are shown. a-
SMA, alfa-Smooth muscle actine; CD(n), Cluster of Differentiation (number); FAP, Fibroblast
activating protein;, PD-L1, Programed death-ligand; Pro-CollAl, Pro-collagen I alpha I, IL,
Interleukin; MCP-1, Monocyte chemoattractant protein-1.

Fibrosis is most often defined as fibroblast/myofibroblast proliferation and
deposition of excessive extracellular matrix proteins (for instance collagen)
that causes hardening of the tissue."”® However, in CD fibrosis is not
standalone but is the end result of chronic inflammatory responses, hence the
two processes are believed to be concurrent and co-dependent of each other.?*?
In paper III, a primary intestinal fibroblast cell line was stimulated with FS to
mimic the effects the CD microenvironment has on fibroblasts (the key player
cells of fibrosis). CD-derived FS compared to healthy-derived FS induced pro-
inflammatory secretions (IL-6 and MCP-1) in intestinal fibroblasts (summary
of the results is shown in Figure 19). It has been shown that fibroblasts in CD
express both IL-6, MCP-1!% and CD colonic fibroblasts stimulated with LPS
produce increased levels of IL-6*3. This goes hand-in-hand with the fact that,
as immune-like cells, fibroblasts are able to respond to pathogens and also
express TLRs and detect MAMPs.?** A pro-inflammatory involvement of
fibroblasts in response to FS suggests that, as sentinel cells, fibroblasts are
affected differently by the microenvironment in patients with CD compared to
healthy subjects.

Furthermore, expression of phenotypical and functional markers, such as a-
SMA, FAP and collagen, were not affected by FS per se in the present study
(Figure 19). Our finding is consistent with previous studies that have shown
that expression of these three proteins occur simultaneously in the tissue.??>!63
In addition, FAP-expressing fibroblasts are found in fibrotic lesions.!**!%> The
observation of no change for either of these proteins could imply that FS does
not have a direct effect on fibroblast phenotype (a-SMA, FAP) and function
related to tissue structure/fibrosis such as extracellular matrix formation
(collagen). However, our in vitro cell model was to start with a-SMAbhi" |
which represents the myofibroblasts phenotype in the tissue itself, hence this
requires further investigations.
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Finally, paper III aimed to mimic Mf-fibroblast interactions by stimulating
fibroblasts with FS-primed M2MQ conditioned medias. Because conditioned
media of M2MQs itself contain cytokines/inflammatory proteins, it was not
possible to analyze these secreted proteins from fibroblasts stimulated with
conditioned medias, as we would not be able to attribute the detection uniquely
to fibroblasts. The analyses were therefore focused on cellular measurements
(surface/intracellular markers and gene expression) (summary of the results is
shown in Figure 20).
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Figure 20. Surface/intracellular markers, secreted proteins and gene expression of fibroblasts
stimulated with FS-primed M2MQ conditioned media from CD, iCD, sCD and healthy
subjects. On the left, the expressed markers/proteins that were expected/measured from the
fibroblast culture method used are shown. On the right, the markers/proteins that were aimed
to investigate are shown. a-SMA, alfa Smooth muscle actine; Pro-CollAl, Pro-collagen 1
alpha 1; CD(n), Cluster of Differentiation (number); FAP, Fibroblast activating protein; PD-
L1, Programed death-ligand; TGFp, Transforming growth factor beta; IL, Interleukin.
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In patients with CD compared to healthy subjects, there were no changes in
surface/intracellular markers prototypical of fibroblasts phenotype/fibrosis (a-
SMA, FAP) or extracellular matrix proteins (collagen, fibronectin) (Figure 20).
Albeit, following gene expression analysis, a slight altered expression of 15
genes were observed. These genes belonged to e.g the TGFf superfamily (e.g.
TGEFB2) or pro-fibrotic genes (e.g. IL-4) among others (Figure 20). Of note,
TGFp2 gene expression was the only gene altered for both comparison CD vs
HS and iCD vs sCD. It has been previously shown that TGF[2 expression is
increased in active IBD* and knocking out TGF2 decreases liver fibrosis in
mice®”’. Nevertheless, signaling through the TGFp superfamily members is
multifactorial in relationship to fibrosis and inflammation on fibroblasts, and
TGFP2 is even less reported in literature compared to TGFEB1 for the intestinal
tissue.?® The meaning of these preliminary results require further
investigations. As the dynamics of Mf-fibroblast interactions in the fibrotic
areas are unclear, and anyway tissue-specific, other studies have tried to
simulate the wound healing process by stimulating fibroblasts with Mf-
conditioned media.?**** However in these studies, Mf-conditioned media were
produced either with LPS induced MO/M1MQs/M2MQs polarisaiton®* or
conditioned media of Mfs treated with anti-inflammatory drugs*®. In addition,
previous research with M2MQ-conditioned media have not shown to promote
profibrotic responses in lung fibroblasts,**! consistent with our data where no
changes in collagen expression were observed for CD vs healthy subjects.
Although, to our knowledge no previous study has been performed with
intestinal conditioned media with FS addition, neither in health nor disease,
our suggestive data on TGF and IL-4 merits further investigations to clarify
their involvement.

To summarize, fecal supernatants obtained from patients with CD show a
differential polarization of M2MQ, via anti-inflammatory proteins such as IL-
10 after LPS activation, while efferocytosis function is not affected.
Furthermore, upon addition of FS, intestinal fibroblasts induced pro-
inflammatory secretions, such as IL-6, but overall, very little fibrosis related
changes induced by FS were observed in CD compared to healthy subjects.
Finally, fibroblasts stimulated with FS-primed M2MQs conditioned medias
from CD showed changes in TFGP superfamily and IL-4 gene expression,
among others. Overall, although both CD vs healthy and iCD vs sCD were
compared for all analysis, most significant changes were observed for CD
compared to healthy subjects, alluding to the fact that the microenvironment
of CD is more similar within subgroups than in comparison to healthy.
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5 CONCLUSIONS AND FUTURE
STANDPOINTS

5.1 PAPER |

Paper I provided further support of the significance of NLRP3 and MEFV
inflammasomes in CD pathogenesis. These were shown through gene
expression analysis of patients with active CD and relevant cell types (LP,
purified MNPs, Mfs, PBMCs). Furthermore, as NLRP3 and MEFV
inflammasomes expression was attributed to immature mucosal Mfs and
PBMC:s, the paper proposes that the high influxes of monocytes recruited to
the inflammatory site during CD may be pre-programmed already in blood for
altered inflammasome function when polarized in the intestine into immature
Mfs. In addition, a differential expression of inflammatory serum proteins of
patients with active CD patients from healthy age-matched subjects also
correlate to expression of some inflammasome genes at the mucosal level.

Globally, research of the expression and role of inflammasomes in patients
with active CD patients can provide knowledge to design better treatments
intended to target the intestinal innate immune system. Given the heterogeneity
of patients within the CD cohort regarding inflammasome activity, it would be
ideal to also identify patient subgroups that could respond to inflammasome
treatments. Could those with high disease activity index be a target group?
Potential targets for treatments could include IL-1p inhibition with the aim to
block a broader inflammasome range or a specific sensor blocking, such as
NLRP3, with the final aim to control amplification of inflammation based on
one inflammasome complex.

One might wonder why intestinal inflammasomes are not targeted to treat
intestinal diseases already? Since the discovery of “The inflammasomes” in
2002,'%8 targeting is not yet a reality as there are still a lot of knowledge gaps
in literature. Just to mention four future perspectives. First, physiological
ligands that trigger the inflammasome sensors in vivo, in healthy human
intestine, are not entirely known, and it is not known how these ligands are
different in the diseased intestine given the massive inflammatory changes. For
example, for NLRP3, the most studied inflammasome, Nigericin is
experimentally used to trigger the sensor, however nigericin is not a
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physiological ligand. Second, inflammasome activation is cell-specific and
tissue-specific, in addition to being location-specific (e.g. ileum vs colon) and
disease-specific (e.g. CD vs UC). Third, to add to this complexity,
inflammasomes use different downstream effector pathways and all these
pathways must be considered in a patient-disease-tissue-cell-specific manner
for future studies. Fourth, since it is known that inflammasomes play a
physiological role in health, targeting them during disease might potentially
mean affecting their protective function as well. Is their activation in the
disease higher because they are being used as a protective mechanism in the
disease? Consideration should be placed into the physiological innate immune
role of inflammasomes with the final aim to successfully target them.

5.2 PAPER I

Paper II showed in summary that TREM-1" Mfs increase in the mucosa of
patients with active CD compared to non-inflamed controls. The increase in
Mfs largely explains the increase of the TREM-1 receptor expression at the
gene and protein level from the same patients in whole mucosa. Stimulation of
monocytes with TREM-1 agonist/antagonist, supernatants from LP (CD and
control), to mimic the arrival of monocytes in the intestine, showed unique
inflammatory pathways influencing TREM-1 signaling. Finally, the attempt to
block TREM-1 concurrent with anti-TNF, to stop amplification of
inflammation, showed a decrease of IL-6 secretion that warrants further
investigation.

Overall, the data suggest that there is an increase in intestinal mucosal
immature Mfs in patients with active CD compared to controls, and high
expression of the TREM-1 receptor, attributed to immature Mfs in with CD is
linked to damage and chronic inflammation. Future studies should investigate
further blocking the TREM-1 receptor with or without anti-TNF treatment in
different scenarios and with a larger sample size, or in patients with TREM-
1high expression who stop responding to conventional therapies.

Studies in CD with patient material and TREM-1 are only a few. There is still
a debate on the ligand repertoire and signaling of TREM-1 even for diseases
in which TREM-1 is more stablished (such as sepsis). In the future,
investigating a larger patient pool, with the possibility of detailed patient
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stratification, could clarify the prospective use of anti-TREM1 as treatment or
enhancement or other therapies.

5.3 PAPER I

Paper III results suggested that Mfs and fibroblasts are affected by the fecal
microenvironment signals, to alter inflammation-related secretions in patients
with CD compared to healthy subjects. Fecal-derived factors (FS) in CD cause
an exaggerated anti-inflammatory action of tissue-resident Mfs and pro-
inflammatory effects on fibroblasts that, despite being opposite effects, align
with the cell function in the tissue (e.g. M2MQ are naturally primed to be anti-
inflammatory). Furthermore, the results also lead to the conclusion that the role
of intestinal fibroblasts in chronic inflammation in active CD goes beyond
tissue structure, both for inflammatory CD with or without stenosis. Together
these give confidence that inducing changes, e.g. through treatments
improving the microbiota, the anti-inflammatory effects of tissue-resident Mfs,
and promoting resolution and wound healing, could be promising to find
feasible treatments for patients with CD.

Compared to tissue-resident Mfs in the intestine, monocyte-derived M2MQs
will differ as they lack the full environmental signals and ontogeny. Single-cell
studies could be employed to consider low abundant tissue-resident cells in the
intestine to allow studying their function. Likewise, the use of a primary
intestinal fibroblast cell lines ought to in the future be replaced with patient-
derived fibroblasts. Despite the in vifro microenvironment of all our cell
models being an attempt to mimic the in vivo setting, this supports that future
studies targeting the microbiota could be promising to counteract the
chronicity of CD even at a pre-stenotic stage, hopefully in parallel with the
development of clinically established pre-fibrosis biomarkers.

Forthcoming studies in the field should make sure to supply the current lack of
in vitro, ex vivo and animal models to study fibroblast polarization and fibrosis,
and these studies should consider the fact that fibrosis is a long-term process
which is impossible to capture in animal studies. In the future, larger cohorts
with higher number of patients should be employed to also include patients
with only stenosis (fibrosis) which was not included in the current paper, with
the final aim to find personalized treatments for patients with CD.
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