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Abstract

The microenvironment is becoming critical to understand how different cells behave in different
contexts. The present thesis manuscript includes two chapters in which the phenotype of
differentimmune cells is altered by changes in the microenvironment. The first chapter discusses
the impact of type 2 diabetes (T2D) on adipose tissue mast cells while the second chapter focuses
on the population dynamics and phenotypical changes of neutrophils, eosinophils, plasmacytoid
dendritic cells, conventional dendritic cells, and mast cells in colorectal cancer.

Type 2 diabetes (T2D) is a rapidly growing global health concern, driven by factors such as poor
dietary choices and sedentary lifestyles. It is associated with severe chronic conditions and
significant strain on healthcare systems.

While adipocytes and macrophages were traditionally considered the primary contributors to
adipose tissue expansion, recent research highlights the important role of mast cells in this
process. Angiogenesis, critical for a physiological adipose tissue expansion, is compromised in
T2D, contributing to hypoxic stress and inflammation. Mast cells, which release various pro-
angiogenic factors, play a pivotal role in angiogenesis and glucose-dependent adipogenesis,
contributing to metabolically healthy adipose tissue expansion. Nevertheless, there was some
controversy since some authors claim that mast cells exacerbate the inflammatory response in
adipose tissue during T2D while others claim that mast cells play a beneficial role.

The first chapter of this thesis manuscript shows that T2D reduce the number of mast cells in
adipose tissue and the surface abundance of some important proteins for their physiological
functioning: CD45, CD117, FceRl, and CD203c. Importantly, those changes were more prominent
in the omental (o-WAT) than in the subcutaneous white adipose tissue (s-WAT). Therefore,
contrary to previous notions, mast cells do not appear to be central drivers of adipose tissue
inflammation in T2D.

Colorectal cancer (CRC) ranks as the fourth most prevalent global cancer and the second leading
cause of cancer-related fatalities. The TME plays a pivotal role in CRC, encompassing a complex
interplay of immune cells, stromal components, and signaling molecules that are essential for
tumor origin and progression. Chronic inflammation within the TME, particularly in conditions
like inflammatory bowel disease, contributes to CRC development. The second chapter of this
thesis shows that neutrophils, plasmacytoid dendritic cells, conventional dendritic cells, and mast
cells counts increase in the CRC compared to the normal mucosa, while the count of eosinophils
decrease. Besides, neutrophils, eosinophils, plasmacytoid dendritic cells, and conventional
dendritic cells decrease the surface abundance of CD45 in CRC. CD45 plays an important role in
signal transduction in innate immune cells. Therefore, this may be novel mechanism of immune
scape employed by the tumor.



Resumen

El estudio del microentorno celular se esta volviendo fundamental para comprender cémo
distintas células se comportan en diferentes contextos. Este manuscrito de tesis incluye dos
capitulos en los que el fenotipo de diferentes células del sistema inmunoldgico se ve alterado por
cambios en el microentorno. El primer capitulo discute el impacto de la diabetes tipo 2 (T2D) en
los mastocitos del tejido adiposo, mientras que el segundo capitulo se centra en las dinamicas de
poblaciones y los cambios fenotipicos de los neutrdéfilos, eosindfilos, células dendriticas
plasmacitoides, células dendriticas convencionales y mastocitos en el cancer colorectal (CRC).

La diabetes tipo 2 (T2D) es un problema de salud global que crece rapidamente impulsada por
factores como dietas con excesivo aporte caldrico y estilos de vida sedentarios. Esta asociada con
enfermedades crdnicas graves y supone una carga significativa para los sistemas sanitarios.

Aunque tradicionalmente se consideraba que los adipocitos y los macréfagos eran las principales
células implicadas en la expansion del tejido adiposo, investigaciones recientes resaltan el papel
importante de los mastocitos en este proceso. La angiogénesis, crucial para la expansién
fisiolégica del tejido adiposo, se ve comprometida en la T2D, lo que contribuye a generar un
estrés hipdxico e inflamacién. Los mastocitos, que liberan diversos factores proangiogénicos,
desempefian un papel fundamental en la angiogénesis y la adipogénesis dependiente de Ila
glucosa, contribuyendo a una expansidon del tejido adiposo metabdlicamente saludable. Sin
embargo, ha habido controversia con respecto al papel de los mastocitos en el tejido adiposo en
pacientes con T2D. Algunos autores sostienen que los mastocitos exacerban la respuesta
inflamatoria en el tejido adiposo durante la T2D, mientras que otros afirman que desempefan
un papel beneficioso.

El primer capitulo de este manuscrito de tesis muestra que la T2D reduce el niumero de
mastocitos en el tejido adiposo y la cantidad de algunas proteinas importantes para su
funcionamiento fisiolégico en su membrana plasmatica: CD45, CD117, FceRl y CD203c. Es
importante destacar que estos cambios son mas prominentes en el tejido adiposo omental (o-
WAT) que en el tejido adiposo subcutdneo blanco (s-WAT). Por lo tanto, a diferencia de las
concepciones anteriores, los mastocitos no parecen tener un papel relevante en la inflamacion
del tejido adiposo en la T2D.

El cancer colorrectal (CRC) se situa como el cuarto cancer mas prevalente a nivel mundial y la
segunda causa principal de muertes relacionadas con el cancer. El microentorno tumoral (TME)
desempefia un papel fundamental en el CRC, abarcando una compleja interaccion de células del
sistema inmunolégico, componentes estromales y moléculas sefializadoras que son esenciales
para el origen y la progresion del tumor. La inflamacién crénica en el TME, especialmente en
condiciones como la enfermedad inflamatoria intestinal, contribuye al desarrollo del CRC. El
segundo capitulo de este manuscrito de tesis muestra que la cantidad de neutréfilos, células
dendriticas plasmacitoides, células dendriticas convencionales y mastocitos aumentan en el CRC



en comparacién con la mucosa normal, mientras que el recuento de eosindfilos disminuye.
Ademads, los neutrodfilos, eosindfilos, células dendriticas plasmacitoides y células dendriticas
convencionales reducen la abundancia superficial de CD45 en el CRC. CD45 desempefia un papel
importante en la transduccidn de sefiales en las células del sistema inmunoldgico innato. Por lo
tanto, esto podria ser un mecanismo novedoso de evasidén inmunoldgica empleado por el tumor.



Overview

Homeostasis is the ability of the body to maintain a stable internal environment despite external
changes and disruptions. This state of dynamic stability is crucial for the proper functioning of
various physiological processes in the body (1). The disruption of homeostasis triggers
inflammation, which is a protective response mounted by the immune system that aims to
restore homeostasis (2). The primary objective of an inflammatory response is to eliminate the
harmful stimuli that have triggered the inflammation in the first place and initiate a repair process
in the affected tissue. When this is accomplished, the tissue returns to its previous homeostatic
state and inflammation ceases. However, it may happen that the immune system is not able to
eliminate the cause of inflammation effectively (2). When this occurs, inflammation displaces the
tissue to a new homeostatic state, in which the tissue reaches a new equilibrium (3). This
homeostatic shift can be done in two ways: isolating the cause of the inflammation or promoting
a metabolic adaptation of the tissue.

Firstly, sometimes it is possible to physically isolate the cause of inflammation, creating a barrier
that prevents further damage to the tissue (4). A classic example of this is the formation of
granulomas in the lungs of patients with tuberculosis. When the immune system is not able to
effectively remove Mycobacterium tuberculosis, macrophages in the affected area fuse to form
a barrier around bacteria, which is supported by an external layer of T lymphocytes, B
lymphocytes, neutrophils, eosinophils, mast cells, dendritic cells, and fibroblasts (5). This
structure, called granuloma, prevents the spreading of the bacteria. In this context, the tissue
cannot go back to the previous homeostatic state because part of the previous healthy tissue has
been replaced by the granuloma and also, it has to devote resources to maintain the barrier and
sustain the ongoing immune response. Nevertheless, the tissue reaches a new homeostatic state
that allows it to keep functioning.

Secondly, sometimes the cause of the inflammation cannot be physically isolated, but it is
possible to induce a metabolic adaptation of the tissue to cope with this challenge (3). A typical
example of this is exercise-induced inflammation. During intense physical activity like
weightlifting, muscles undergo micro-injuries that trigger an inflammatory response. This
inflammation is necessary to heal the damaged muscle fibers (6). If the person does the
weightlifting just one time without repeating the exercise, the inflammation will resolve, and the
tissue would return to its previous homeostatic state (7). However, if the person does weightlift
repeatedly over time, the inflammatory response does not have enough time to restore the
previous homeostatic state, which generates more stress on the tissue (7). Instead, inflammation
promotes the metabolic adaptation of the muscle fibers, which leads to fiber hypertrophy and
increased physical capacity (6,7). Therefore, in this case, inflammation shifts the tissue from its
previous homeostatic state to a new and improved state that allows for increased strength and
performance.



Importantly, inflammation is not a homogeneous phenomenon but rather encompasses a wide
range of processes with diverse consequences. In general, there are three types of inflammatory
processes with different triggers, physiological purposes, and pathological consequences when
dysregulated (8). The first type of inflammation, and the most studied, is the inflammation
developed to remove an insult, like an infection. The physiological purpose of this inflammation
is to defend the host against pathogens like viruses and bacteria. The pathological consequences
of the dysregulation of this type of inflammation include autoimmunity and inflammatory tissue
damage (8). This type of inflammation has been widely studied and it is out of the scope of this
thesis to delve into the intricate details of its mechanisms and consequences.

The second type of inflammation is triggered by tissue injury and its purpose is to activate the
tissue repair response. The pathological consequences of its dysregulation include fibrosis,
metaplasia, and tumor progression (3). An example of this could be found in the colon. The colon
is lined with a layer of cells called the epithelium, which protects the underlying tissue from
harmful substances (9). When this epithelial layer is injured, an inflammatory response is
triggered to facilitate tissue repair (9). In this inflammatory response, resident innate immune
cells recruit different subpopulations of peripheral T lymphocytes, which produce IL-22 to
promote the proliferation and differentiation of epithelial cells to restore the integrity of the
epithelial layer (10,11). This process is enhanced by Th2 lymphocytes through the release of IL-4,
IL-5, and IL-13 which promote tissue remodeling (12). Besides, Th2 lymphocytes and M2
macrophages prevent the activation of the type of inflammation described in the previous
paragraph through the release of cytokines like IL-10 and TGF-B (12-14). Finally, mast cells and
fibroblasts promote extracellular matrix remodeling and tissue regeneration through the
secretion of growth factors (15). However, colorectal cancer (CRC) can take advantage of this
type of inflammation and keep it permanently activated to progress. It can use IL-22 to increase
proliferation (16,17), Th2 and M2 activation to suppress the antitumoral immune response
(13,14), and mast cells and fibroblast cells to promote angiogenesis and tissue remodeling
(18,19).

Finally, the third type of inflammation is triggered by tissular stress and malfunction. In this type
of inflammation, the physiological purpose is to adapt the tissue to the stress (8). Noteworthy,
this type of inflammation is typically low-grade and persistent, and it has been proposed to be
referred to as para-inflammation (20). Due to the low intensity of this type of inflammation, it is
mainly controlled by resident cells like macrophages and mast cells, rather than recruiting
immune cells from the bloodstream (3). The pathological consequences of the dysregulation of
this type of inflammation include the deleterious shift in homeostatic set points, and the
development of chronic diseases due to this new homeostatic set point (8). Here, the typical
example would be insulin resistance in adipose tissue and type 2 diabetes (T2D). Under
homeostatic conditions, when a person has sporadically an elevated blood glucose level, the
pancreatic beta cells respond by releasing insulin to bring the glucose levels back to normal (21).
This generates mild stress that triggers inflammation in adipose tissue so that adipocytes can
expand to store the excess energy and maintain glucose homeostasis (22). This inflammation is
needed for the proper functioning of the tissue in response to stress and ceases when all this
excess energy is stored. Thanks to this inflammation lipids are redistributed between adipocytes



with the help of foam cells (a special subtype of macrophages), progenitor cells differentiate into
adipocytes, and, if needed, new capillaries are formed to support the increased metabolic
demand (23). Importantly, murine models have shown that in the absence of this inflammation,
adipose tissue is unable to properly store the excess of energy and causes ectopic lipid
accumulation, glucose intolerance and systemic inflammation (24).

However, when this elevated glucose stress persists over time, the excess of caloric intake and
adipocyte expansion lead to tissular stress and malfunction, triggering para-inflammation in
adipose tissue (25). This para-inflammation alters the adipokine secretion profile, reducing anti-
inflammatory adipokines and increasing the production of pro-inflammatory adipokines (25).
Such impairs the endocrine function of adipose tissue and promotes the moderate recruitment
of peripheral immune cells. This recruitment of immune cells further exacerbates the
inflammatory response and creates a positive feedback loop, leading to chronic inflammation in
adipose tissue (22,23). This causes a shift from the homeostatic state (insulin sensitivity) to a new
state (insulin resistance). This new state allows adipose tissue to adapt to the new environment
by deviating the excess of energy (glucose and lipids) that it cannot handle to other tissues, such
as the liver and skeletal muscles (26). This shift in energy distribution and the development of
insulin resistance has significant chronic pathological consequences, including increased risk of
cardiovascular diseases, metabolic syndrome, and obesity-related complications (27).

In short, there are different triggers and mechanisms underlying various types of inflammation.
The knowledge of these inflammatory processes has allowed us to develop new approaches to
modulate specific types of inflammation, including neutralizing antibodies, recombinant
cytokines, small-molecule inhibitors, DC vaccines, oncolytic viruses, and TLR agonists (28).
However, there is still much more to learn about how these inflammatory processes are
regulated and their intricate relationship with physiological and pathological consequences. A
better understanding of these processes will enable the development of more targeted and
effective therapeutic interventions for inflammatory conditions and associated diseases.



Chapter 1: Type 2 diabetes alter the
number and phenotype of mast cells in
white adipose tissue

Introduction

Type 2 diabetes (T2D) constitutes 90% of all diabetes cases, with its incidence quadrupling over
the past three decades (29). It stands as the ninth leading global cause of death and is projected
to affect 693 million individuals by 2045 (30). T2D is characterized by insulin resistance and
impaired glucose metabolism, leading to chronically elevated blood sugar levels (hyperglycemia)
(31). The surge in T2D prevalence is primarily attributed to poor dietary choices and sedentary
lifestyles (29). Notably, uncontrolled T2D can trigger severe chronic conditions, including
cardiovascular disease, kidney disease, and neuropathy (32,33), significantly straining healthcare
systems.

Insulin is produced by beta cells in the pancreas in response to elevated blood glucose levels, and
it promotes the uptake and utilization of glucose by cells throughout the body. Insulin acts mainly
in metabolic tissues (such as muscle, liver, and adipose tissue) (34). When it binds its receptor on
target cells, it initiates a cascade of intracellular signals that ultimately result in GLUT4
translocation to the cell membrane, allowing glucose to enter the cell (35). Insulin resistance
occurs when cells of metabolic tissues translocate fewer GLUT4 transporters to the plasma
membrane than normally in response to insulin, leading to decreased glucose uptake and
elevated blood glucose levels (34,35).

Insulin resistance is evolutionary well-preserved (36,37) as it serves as a mechanism to ensure
that glucose is preserved for vital organs (like the brain) during times of stress or famine (38).
During the Ice Age, the human diet included high amounts of proteins and low amounts of
carbohydrates, which made insulin resistance a beneficial feature for survival (39). With
agriculture, the amount of dietary carbohydrates increased. However, most of these
carbohydrates were complex and required enzymatic breakdown for absorption, limiting their
immediate availability as glucose. Therefore, the increase in plasma glucose levels after a meal
was slower, allowing insulin enough time to mediate its effects on glucose uptake by cells (39).
After the Industrial Revolution, processed foods with high levels of refined carbohydrates
became widely available, resulting in increased consumption of easily digestible glucose (39). In
this context, insulin resistance became a disadvantageous feature, as the constant high intake of
glucose led to persistent stimulation of insulin production and subsequent desensitization of
insulin receptors on target cells (34,35).

As discussed until now, the direct physiological consequence of insulin resistance is
hyperglycemia. In the initial stages of T2D, the reduced efficacy of insulin is compensated by an



increase in pancreatic beta-cell function and secretion of insulin, leading to hyperinsulinemia
(31). This compensatory response aims to maintain normal blood glucose levels. As the disease
progresses beta cells become exhausted, as they are unable to sustain the increased demand for
insulin production, leading to a decline in insulin secretion and finally to beta cell dysfunction
(31). Chronic hyperglycemia affects blood vessels generating advanced glycation end products,
which promote oxidative stress and inflammation (40). This can damage small blood vessels like
the ones located in the eyes, kidneys, and nerves, leading to microvascular complications such as
diabetic retinopathy, nephropathy, and neuropathy (Beckman, 2016). When chronic
hyperglycemia persists, it also affects larger blood vessels and can result in macrovascular
complications such as cardiovascular disease, stroke, and peripheral artery disease (41).

Type 2 diabetes and adipose tissue

Adipose tissue can be subclassified into brown adipose tissue (BAT) and white adipose tissue
(WAT). BAT is responsible for energy expenditure and heat production through the process of
thermogenesis (42). In this process, brown adipocytes generate heat by uncoupling oxidative
phosphorylation from ATP synthesis in the mitochondria, through the action of uncoupling
protein 1 (43). Alternatively, WAT is in charge of energy storage (42). In humans, BAT is primarily
found in newborns (in the cervical-supraclavicular region, periaortic areas inside the thorax and
the abdomen, and in the perirenal fat) (44), and it gradually decreases with age and is mostly
replaced with WAT (44,45). In adults, some WAT adipocytes can undergo a process known as
browning or beiging, in which they acquire a phenotype similar to brown adipocytes, including
the ability to generate heat through thermogenesis (46). This phenotypic change occurs after the
stimulation of the B3 adrenergic receptor in adipocytes, and it occurs in response to cold
exposure (47).

WAT, the reservoir for excess caloric intake, primarily stores energy in the form of neutral lipids.
Prolonged positive caloricimbalances require the expansion of adipose tissue to store that excess
of energy (48,49). This can occur in different WAT depots depending on. Adipose tissue expansion
is @ complex process influenced by adipocyte precursor cells, hormones, adipokines, adipose
tissue blood flow, and age. The number and potential of adipocyte precursor cells in WAT
determines the capacity to generate new adipocytes (Zubiria, 2017). In addition to insulin other
hormones also contribute to adipose tissue expansion. Their role highly depends on the
microenvironmental context, but in general thyroid hormones and catecholamines inhibit WAT
expansion, while estrogen promotes it, and glucocorticoids regulate both adipogenesis and
lipolysis depending on the molecular context (50-52). Adipokines are bioactive molecules
secreted by WAT that play a crucial role in regulating metabolism and inflammation locally and
systemically (52). Adipose tissue blood flow is critical to deliver the nutrients and oxygen required
for WAT expansion and to remove waste products generated during the process (53). Finally, age
can also impact adipose tissue expansion, as the capacity for adipocyte hyperplasia decreases
with age (54).



WAT is usually subclassified depending on its anatomical location. These include subcutaneous
white adipose tissue (s-WAT), which is located just beneath the skin, and visceral white adipose
tissue (v-WAT), which surrounds internal organs (55). In the abdominal cavity, v-WAT is further
subclassified into two main depots: omental white adipose tissue (o-WAT) and mesenteric white
adipose tissue (m-WAT) (56). O-WAT is a sheath of WAT that hangs from the stomach and covers
the intestines, while m-WAT is located in the mesentery, which supports the intestines and holds
them in place (57). Despite their close proximity, o-WAT and m-WAT are very different. M-WAT
is much more vascularized than o-WAT and is more metabolically active (58,59). However, o-WAT
is much more expanded in obesity (59,60), suggesting a higher storage capacity for lipid
accumulation. Besides, while o-WAT expansion is clearly associated with increased
cardiometabolic risks, the role of m-WAT in these health outcomes is not yet fully understood
(61). In humans, there is limited information on m-WAT since o-WAT is more associated with
pathological conditions and also because it is more difficult to obtain samples of m-WAT due to
its deep location within the abdominal cavity and higher risks associated with surgical procedures
(62). Therefore, the present work will focus on s-WAT and o-WAT.

Different WAT depots exhibit distinctive expression profiles and secretory behaviors (49). S-WAT
shows a higher expression of genes related to adipogenesis and lipid droplet formation than
omental white adipose tissue (0-WAT). The consequence is that o-WAT has less potential to
generate more adipocytes, store lipids, and breakdown lipids. Therefore, when o-WAT expands,
the amount of free fatty acids in the tissue increases. Consequently, o-WAT accumulation results
in higher free fatty acid levels than s-WAT, leading to lipotoxicity and inflammation (63,64).
Hence, o-WAT expansion poses a risk factor for cardiometabolic diseases and T2D (65).

Traditionally, adipocytes and macrophages were viewed as the primary contributors to adipose
tissue expansion. However, recent studies from various authors have emphasized the pivotal role
of mast cells in this process. Adipocytes, responsible for energy storage, uptake carbohydrates
and lipids, and store them as triacylglycerides (48). To accommodate the positive caloric
imbalance and enhance adipocyte storage capacity, adipose tissue must expand. Such can be
achieved through either adipocyte hypertrophy or hyperplasia (23,66). These pathways coexist,
although one often predominates depending on the tissue microenvironment. Importantly, each
of them leads to distinct metabolic outcomes.

Adipocyte hyperplasia increases the number of adipocytes, insulin sensitivity, and adiponectin
secretion while reducing the production of pro-inflammatory cytokines. It also relies on efficient
angiogenesis to prevent hypoxia. Conversely, adipocyte hypertrophy enlarges adipocyte size and
pro-inflammatory cytokine secretion, reducing insulin sensitivity and adiponectin secretion.
Importantly, adipocyte hypertrophy does not produce angiogenesis. Therefore, as hypertrophic
adipocytes increase their size, they move away from blood vessels. If this is sustained over time,
it leads to hypoxia-induced adipocyte necrosis, escalating tissue inflammation and free fatty acid
release (23,66).

Resident macrophages in adipose tissue contribute to maintain adipose tissue homeostasis by
clearing senescent adipocytes and lipoproteins. These macrophages, upon lipid ingestion,



differentiate into foam cells and help to regulate lipid exchange with adipocytes to prevent the
accumulation of toxic free fatty acids in the extracellular space (67,68). Moreover, under normal
conditions, foam cells adopt an M2 phenotype, promoting adipose tissue homeostasis. However,
in cases of extensive adipocyte hypertrophy, insufficient vascularization leads to hypoxic
adipocyte death via necrosis, triggering tissue inflammation. In this context, foam cells shift
toward an M1 phenotype (68). Prolonged adipocyte hypertrophy exacerbates hypoxia, resulting
in greater adipocyte necrosis and the release of pro-inflammatory cytokines and free fatty acids,
further impairing tissue function (23,66-68). Besides, inflammation also promotes mitochondrial
dysfunction (69) and adipokine dysregulation in adipocytes (70), enhancing tissue
malfunctioning. In a nutshell, inflammation impacts WAT functioning and the response of WAT
to that stress is more inflammation, generating a cycle of inflammation and dysfunction. In o-
WAT, free fatty acids reaching the portal system and liver can induce hepatic toxicity,
contributing to fatty liver disease and hepatic steatosis (64,71,72).

The role of mast cells in adipose tissue

As mentioned previously, the choice between adipocyte hyperplasia and hypertrophy depends
mainly on the tissue angiogenic capacity (23,66). Noteworthy, angiogenesis is compromised in
the adipose tissue of T2D patients (73). While angiogenesis is a multifaceted process, mast cells
are crucial contributors, releasing proteases to create space for vessels, pro-angiogenic factors
(like VEGF), FGF, TGF-beta, histamine (to enhance vascular permeability), and heparin (22).

Mast cells play a versatile role in their microenvironment, harboring a plethora of receptors to
respond to changes in the microenvironment (74,75). These cells store granules with various
cargo that denote their internal contents (74,76). Activation of different receptors on mast cells
can prompt the release of distinct granules or vesicles, influencing the microenvironment either
directly or through interactions with other cell types (74).

Mast cells, once primarily seen as inflammatory cells linked to allergies, are now recognized for
their vital physiological roles, including the release of growth factors and other bioactive
molecules in response to microenvironmental signals (74). Within adipose tissue, mast cells
promote angiogenesis, lipid uptake by macrophages, and foam cell formation (22). Additionally,
they respond to elevated glucose levels by secreting 15-deoxy-delta prostaglandin J2, which
binds to PPARy in pre-adipocytes, inducing their differentiation into adipocytes (77,78). In
summary, mast cells in adipose tissue contribute to maintaining normoxia, clearing free fatty
acids, and facilitating adipose tissue expansion through hyperplasia.

T2D induces changes in the adipose tissue microenvironment, including the recruitment of
proinflammatory leukocytes from peripheral blood and alterations in the metabolomic profile
(64,79). These changes affect resident cells, including mast cells. While some experiments in mice
have yielded contradictory results (80,81), our understanding of mast cells in human T2D remains
limited. Therefore, it is still unclear the dynamics of mas cells in T2D and and how T2D affect their
phenotype.



Hypothesis

T2D negatively affect the population dynamics of mast cells in o-WAT and s-WAT and it will
affect the surface abundance on CD45, CD117, FceRl, and CD203c too.

Objectives

e To count the amount of mast cells in o-WAT and s-WAT of patients with T2D, without
TD2, and with an intermediate state.

e To measure the surface abundance of mast cells in o-WAT and s-WAT of patients with
T2D, without TD2, and with an intermediate state.

Materials and Methods

Biochemical Parameters

For each patient, two blood tests were analyzed. In the first one, 6-9 months before the surgery,
only fasting plasma glucose was analyzed. In the second one, just before the surgery, a complete
analysis was performed. Blood tests were conducted in San Cecilio University Hospital by the
clinical analysis laboratory within 24 hours. All tests were performed following approved
protocols.

Cohort

For this study, 196 patients from 2 projects were recruited in the San Cecilio University Hospital.
All patients had morbid obesity and underwent bariatric surgery (gastric bypass or gastric sleeve).
Patients were stratified into three groups (non-T2D, pre-T2D, and T2D) following the criteria of
the American Diabetes Association. Patients were excluded from the cohort if they present at
least one of the following disorders: type | diabetes, drug-induced diabetes, genetic diabetes
syndromes, diseases of the exocrine pancreas, and autoimmune diseases. All patients provided
their written informed consent.

The first project included 100 patients and was focused on quantifying the number of mast cells
in adipose tissue, while the second project included 96 patients and was focused on identifying
alterations of the surface abundance of CD45, CD117, FceRlI, and CD203c on mast cells in adipose
tissue.



Sample Processing

Each patient gave two biopsies of adipose tissue from laparoscopic bariatric surgery at San Cecilio
University Hospital (Granada, Spain). One biopsy was taken from the greater omentum, close to
the stomach (o-WAT, omental white adipose tissue). The second biopsy was obtained near the
surgical incision (s-WAT, subcutaneous white adipose tissue). After their extraction, both biopsies
were conserved in ice and separated plastic jars with PBS. Later, visible blood vessels were
eliminated from the samples. After, 2-2.5 g of each sample was weighed and cut into tiny
portions. Subsequently, cut biopsies were digested in 10 ml of RPMI 1640 medium supplemented
with 2 mg/ml type | collagenase (Sigma) and 5 mM CaCl2, for 2h, at 37°C. Then, each sample was
washed with 35ml of PBS and filtered through a 1 mm sieve. After, samples were centrifuged at
900 x g for 10 minutes and spilled through a 100 um filter. Later, the samples were centrifuged
again at 900 x g for 10 minutes, and the pellet was kept since it contains the stromal vascular
fraction. Finally, the pellet was resuspended in 500 pl of antibody staining buffer (PBS, 2% fetal
bovine serum, 0.09% albumin, and 0.05% sodium azide) and mixed with an internal standard. In
the firs project, the internal standard employed was BD Truecount Absolute Counting Tubes
while in the second project the internal standard used was CountBright Absolute Counting Beads.
In both cases, the internal standards were handled following manufacturer instructions. We
decided to change the internal standard since BD Truecount Absolute Counting Tubes showed
heterogeneous emission intensity. This does not affect quantification since the internal control
has size/complexity values far from any other cytometric population, it cannot be misled with
cells, and thus fluorescent emission is not required for quantification. Regarding CountBright
Absolute Counting Beads, it contains a suspension of autofluorescent beads with emission
occurring through a wide spectrum of wavelengths with homogeneous intensity. This ensures a
much more accurate quantification of the surface abundance of the different proteins.

Antibody Staining and Flow Cytometry

The resuspended stromal vascular fraction was stained with 2 ul of fluorophore-conjugated
antibodies or controls in Eppendorf tubes for 20 minutes at room temperature. Later, samples
were fixed, and erythrocytes were lysed adding 1 ml of BD FACS Lysing Solution for 30 minutes.
After that, samples were centrifuged at 3500 x g for 10 minutes, and pellets were resuspended
in 500 ul of PBS. Then, samples were stored until the next day at 4°C. A FACS ARIA Il equipment
was employed to perform the flow cytometry, and data were acquired on a logarithmic scale.
The fluorescence of the internal standard was used to normalize the signal obtained from the
fluorophore-conjugated antibodies. The antibodies employed are detailed in the annex. Mast
Cells were identified as CD45+ CD117+ cells.



RNA Purification and RT-gPCR

Total RNA was purified for each adipose tissue biopsy using the RNeasy Mini Kit (Qiagen). Five
hundred nanograms of RNA were retrotranscribed to cDNA using the iScript™ cDNA Synthesis Kit
(BioRad) according to the manufacturer’s instructions. The quantification of mMRNA concentration
for each gene was performed in a fraction of cDNA volume by Real-time PCR (CFX96 Real-Time
System, BioRad) using the SsoFast EvaGreen Supermix (BioRad).

The primers (Supplementary Table 1) were tested previously to evaluate their specificity and
sensitivity. Unspecific amplification was not detected in the test. To prevent amplification from
eventual genomic DNA contamination, primers were designed to hybridize in different exons.
Furthermore, when different transcript variants are described, primers were designed using the
common sequence among them.

The annealing temperature was 65 °C. Each determination was carried out in duplicate, and the
mathematical relation between the threshold cycle (Ct) level and the initial DNA quantity was
evaluated by a standard curve. Finally, the results were normalized using the expression level of
two housekeeping genes: PPIA (Peptidylprolyl isomerase A) and RPS13 (Ribosomal Protein S13).

Statistical Analysis

Kolmogorov-Smirnov test was used to test the normal distribution of data, and the Levene test
was employed to check the homoscedasticity of the groups. To evaluate the differences between
non-T2D, pre-T2D, and T2D groups, the one-way ANOVA test was used followed by a Tukey HSD.
Student’s t-test for paired samples was employed to analyze the differences between o-WAT and
s-WAT, in non-T2D, pre-T2D, and T2D groups independently. Besides, we studied the internal
structure of the data using the principal component analysis (PCA), multiple regression analysis,
linear discriminant analysis, and random forest analysis. In the linear discriminant analysis and
random forest analysis, we did not include the HbAlc variable because it is what defines the
groups. P-values below 0.05 were considered significant. All tests were conducted with R
software.

Results

Cohort baseline characteristics

Table 1 shows mean data for age, sex, hypertension, body mass index, waist-hip index, insulin,
blood glucose, glycosylated hemoglobin (HbA1lc), HOMA-IR, triglycerides, cholesterol, LDL, and
HDL. In this study, women constituted 66% of the group, which might be related to social
constraints in our geographic area. Notably, mean HbAlc was lower in the T2D group. The
guidelines of the American Diabetes Association indicate that the goal for people with T2D should



be to have a HbAlc below 7%, as this can significantly reduce the risk of cardiovascular disease.

Therefore, the patients with T2D in the present study had a mild condition (82).

Table 1. Baseline characteristics of the cohort. The values are expressed as mean + standard deviation. T2D (type 2 diabetes)

n=196.

Non-T2D Pre-T2D T2D
Number of patients 75 64 57
Age (years) 43,249.9 47.6112.4 51.3+£10.2
Male/Female) 28/47 22/42 15/42
Hypertension (Yes/No) 40/35 42/22 42/15
Body Mass Index (kg/m?) 45.1+7.1 45.2+7.5 43.516.6
Waist/Hip Index 0.89+0.09 0.93+0.10 0.94+0.12
Insulin (units/ml) 4.5+3.4 7.816.2 10.217.2
Glucose (mg/dl) 87.319.8 98.7+15.6 155.5+50.3
HbA1c (%) 5.30.5 5.80.5 6.7+1.1
HOMA-IR 1.04+0.76 1.96+1.70 3.8943.13
Triglycerides (mg/dl) 138.2+55.8 162.1+73.2 149.7+£39.3
Cholesterol (mg/dl) 162.2+41.1 152.1+29.7 148.8+48.3
LDL (mg/dl) 93.5+33.0 84.2+24.9 87.2+43.8




HDL (mg/dl) 41.0+11.4 36.3+10.2 37.2+12.4

White adipose tissue but not colonic mucosa have a population of mast
cell progenitors

Mast cells throughout the cohort were identified by flow cytometry as CD45* CD117* CD203c*
FceRI* (Figure 1A-D). In addition, the mast cell CD34" integrin B7* subset was analyzed in a subset
of 15 patients. This subpopulation was found in both types of WAT in these 15 patients (Figure
1E). In contrast, this subpopulation was absent in five colonic mucosal samples (Figure 1F).
Previous studies have shown that this subpopulation consists of mast cell progenitors in
peripheral mouse tissues (83,84) and human blood (85). In addition, a heterogeneous pool of
stem cells in WAT in humans has been reported to contain cells that can give rise to mast cells
(86). Thus, the expression of CD34 and integrin 7 in a small subset of the mast cell pool strongly
suggests the existence of a stable stem cell pool associated with the mast cell lineage in human
WAT.

These mast cell progenitors were more abundant in o-WAT than in s-WAT and appeared to be
reduced in both WAT types in the T2D group (Table 2). The proportion of mast cell stem cells in
the total population is shown in Table 3.
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Figure 1. Flow cytometry. A-E) Gating strategy employed in the flow cytometry to distinguish mast cells and their progenitors in
white adipose tissue. F) Gating of mast cell progenitors in colon mucosa. MCp (mast cell progenitors).

Table 2. Mast cell progenitors count/g of white adipose tissue. The values are expressed as mean + standard deviation. T2D (type
2 diabetes), o-WAT (omental white adipose tissue), s-WAT (subcutaneous white adipose tissue) n=15.

Non-T2D Pre-T2D T2D
o-WAT 1623.45 £ 3360.70 880.07 +1050.14 62.90 £ 24.55
s-WAT 596.23 + 999.85 302.72 + 145.38 60.2 £30.94

Table 3. Percentage of mast cell progenitors in the whole mast cell pool. The values are expressed as mean + standard deviation.
T2D (type 2 diabetes), o-WAT (omental white adipose tissue), s-WAT (subcutaneous white adipose tissue) n=15.

Non-T2D

Pre-T2D

T2D

o-WAT

2.54% +4.29

3.04% + 2.54

0.93% +0.75

s-WAT

247% +1.79

2.04% *+ 1.56

0.57% +0.27




Reduced number of mast cells in omentum and subcutaneous white
adipose tissue in patients with T2D

Figure 2Figure 3 show that the number of mast cells was lower in the T2D group in both o-WAT
and s-WAT. These results suggest that both o-WAT and s-WAT mast cells are negatively affected
by dysregulation of glucose metabolism, especially when reaching T2D. Nevertheless, T2D seems
to have a bigger effect on o-WAT than in s-WAT.

Omental White Adipose Tissue
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Log MC/g

Non-T2D Pre-T2D T2D

Figure 2. Comparison of MC/g of omental white adipose tissue depending on T2D status. T2D (type 2 diabetes), MC (mast cells),
“FE (p-value < 0.01), n=100.
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Figure 3. Comparison of MC/g of subcutaneous white adipose tissue depending on T2D status. T2D (type 2 diabetes), MC (mast
cells), * (p-value < 0.05), n=100.

There are differences in the number of mast cells in the omental and
subcutaneous white adipose tissue between the non-T2D and pre-T2D
groups, but not in the T2D group

Figure 4Figure 5, Figure 6 indicate that the difference in the counts of mast cells between o-WAT
and s-WAT is reduced in patients with T2D. Generally, the number of mast cells in o-WAT is
greater than in s-WAT. This probably occurs because o-WAT, but not s-WAT, is exposed to
microbial products of the gut microbiome (87-89). Besides, o-WAT also plays a critical role in
peritoneal immune responses (87—89). Nevertheless, although the number of mast cells in the
T2D group has decreased rapidly, they are not impacted in the same way. These results suggests
that the effects of T2D on mast cell counts are higher in o-WAT than in s-WAT.
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Figure 4. Comparison of MC/g in white adipose tissue between anatomical locations in patients without type 2 diabetes (T2D). S-
WAT (subcutaneous white adipose tissue), o-WAT (omental white adipose tissue), * (p-value < 0.05), n=41.
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Figure 5. Comparison of MC/g in white adipose tissue between anatomical locations in patients with pre- type 2 diabetes (T2D).
S-WAT (subcutaneous white adipose tissue), o-WAT (omental white adipose tissue), * (p-value < 0.05), n=32.
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Figure 6. Comparison of MC/g in white adipose tissue between anatomical locations in patients with type 2 diabetes (T2D). S-
WAT (subcutaneous white adipose tissue), o-WAT (omental white adipose tissue), n=27.

Mast cell count is a good predictor of T2D status

To identify the patterns between the measured variables and the three patient groups simplifying
our high-dimensional data, we performed a principal component analysis (Figure 7). This
statistical approach is used to summarize the internal structure of the data and visualize it.
Noteworthy, in o-WAT and s-WAT, the number of mast cells was generally higher in the non-T2D
group. The HbAlc variable was not incorporated in this and subsequent analyses, as it was
employed to establish the groups.

Afterwards, a linear discriminant analysis (LDA) was performed to find the linear combinations of
the original variables that can "split" the observations more efficiently in the transformed space
when taking into account the levels of the "type 2 diabetes" variable (not, pre, yes) (Figure 8).
Interestingly, the first linear combination (LD1) separates these observations well. Negative
values of LD1 are more related to "No" values, while positive values are more related to "Pre"
and "Yes". Then, the association between each variable and LD1 was explored (Table 4). There
was a good correlation with age (0.50), waist-hip index (0.43) and mast cell count in o-WAT
(-0.38). The negative correlation between mast cell count and LD1 means that patients with low
values in LD1 tend to have a higher amount of mast cell counts. As the LD1 values of patients in
the non-T2D group tended to be negative, this is consistent with our previous findings.



Finally, a random forest analysis was carried out. This approach is also used to measure the
relevance of a variable to differentiate the (three) levels of the categorical variable "type 2
diabetes". This relevance is established by the "average reduction in the Giniindex". Importantly,
mast cell counts in o-WAT and s-WAT was the third and fifth most important variable,
respectively (Figure 9). These are higher than some variables frequently studied in patients with
T2D, including HDL, BMI and waist-hip index. Taken together, these results suggest that mast
cells in adipose tissue, especially o-WAT, are closely related to T2D status. Given that this occurs
in patients with a mild T2D condition, this phenomenon is expected to be more outstanding in
patients with severe T2D and poor glycemic control.
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Figure 7. Principal component analysis (PCA). This approach reduces data dimension and identify conserved patterns. NO
(patients without type 2 diabetes), PRE (patients with pre-type 2 diabetes), YES (patients with type 2 diabetes), BMI (Body Mass
Index), MC V (mast cells from omental white adipose tissue), MC S (mast cells from subcutaneous white adipose tissue), WH
index (waist hip index), n=100. The numbers are the patient identifiers inside the cohort.
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Figure 8. Linear discriminant analysis (LDA). This approach provides the linear combinations of variables that better separate
observations. NO (patients without type 2 diabetes), PRE (patients with pre-type 2 diabetes), YES (patients with type 2 diabetes),

LDI (linear discriminant 1), LD2 (linear discriminant 2) n=100.

Table 4. Correlation of the original variables with LD1. The data employed here is from the big cohort (n=100). MC (mast cells),
0-WAT (omental white adipose tissue), s-WAT (subcutaneous white adipose tissue) n=100.

Variable Correlation Coefficient
Age 0.502

Waist-hip index 0.434

MC (o-WAT) -0.380

HDL -0.350




LDL -0.319
Hipertension 0.300
Triglycerides 0.289
Sex (Male) -0.280
MC (s-WAT) -0.082
BMI 0.063
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Figure 9. Random Forest Analysis. This approach calculates how each variable contributes to differentiate the three groups of
patients. MC V (mast cells in omental white adipose tissue), MC S (mast cells in subcutaneous white adipose tissue), WH index
(waist-hip index), n=100.



The surface abundance of CD45 on mast cells decreases in patients with
12D in o-WAT.

Figure 10 displays the relative abundance of CD45 on the surface of mast cells in o-WAT (n=96).
Noteworthy, it looks like there is a trend that decrease towards T2D. Nevertheless, the only
comparison statistically significant is between non-T2D and T2D. These results suggest that small
changes in glycemic control have important consequences on CD45 surface abundance on mast
cells in o-WAT. In s-WAT (Figure 11), the differences are not significant in any case. When
compared o-WAT and s-WAT of the same patients in three groups, there is no significant
difference between the CD45 amount of the mast cell surface (Figure 12Figure 14). However, in
the T2D group, the difference was almost significant (p=0.072).
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Figure 10. Comparison of the normalized antigenic density (nAgD) of CD45 on the surface of mast cells in omental white
adipose tissue depending on T2D (Type 2 Diabetes) status. ** (p value < 0.01), n=96.
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Figure 11. Comparison of the normalized antigenic density (nAgD) of CD45 on the surface of mast cells in subcutaneous white
adipose tissue depending on T2D (Type 2 Diabetes) status, n=96.
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Figure 12. Comparison of the normalized antigenic density (nAgD) of CD45 on the surface of mast cells in patients without T2D
(Type 2 Diabetes) between different anatomical locations. S-WAT (subcutaneous white adipose tissue), o-WAT (omental white
adipose tissue) n=34.
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Figure 13. Comparison of the normalized antigenic density (nAgD) of CD45 on the surface of mast cells in patients with pre T2D
(Type 2 Diabetes) between different anatomical locations. S-WAT (subcutaneous white adipose tissue), o-WAT (omental white
adipose tissue) n=32.
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Figure 14. Comparison of the normalized antigenic density (nAgD) of CD45 on the surface of mast cells in patients with T2D
(Type 2 Diabetes) between different anatomical locations. S-WAT (subcutaneous white adipose tissue), o-WAT (omental white
adipose tissue) n=30.



The surface abundance of CD117 decreases in patients with T2D both in
o-WAT and s-WAT

Figure 15 shows the surface abundance of CD117 on mast cells in o-WAT depending on the T2D
status (n=96). There were statistically significant differences between non-T2D and T2D and
among non-T2D and pre-T2D. Furthermore, in s-WAT (Figure 16), there was only a significant
difference between non-T2D and T2D. Of note, the difference among o-WAT and s-WAT inside
the same patient (Figure 17Figure 19) was significant just in pre-T2D and T2D. However, in non-
T2D patients, the difference was nearly significant (0.071).
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Figure 15. Comparison of the normalized antigenic density (nAgD) of CD117 on the surface of mast cells in omental white
adipose tissue depending on T2D (Type 2 Diabetes) status. * (p value < 0.05), ** (p value <0.01), n=96.
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Figure 16. Comparison of the normalized antigenic density (nAgD) of CD117 on the surface of mast cells in subcutaneous white
adipose tissue depending on T2D (Type 2 Diabetes) status. ** (p value < 0.01) n=96.
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Figure 17. Comparison of the normalized antigenic density (nAgD) of CD117 on the surface of mast cells in patients without
T2D (Type 2 Diabetes) between different anatomical locations. S-WAT (subcutaneous white adipose tissue), o-WAT (omental

white adipose tissue) n=34.
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Figure 18. Comparison of the normalized antigenic density (nAgD) of CD117 on the surface of mast cells in patients with pre
12D (Type 2 Diabetes) between different anatomical locations. S-WAT (subcutaneous white adipose tissue), o-WAT (omental
white adipose tissue). **** (p value < 0.0001), n=32.
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Figure 19. Comparison of the normalized antigenic density (nAgD) of CD117 on the surface of mast cells in patients with T2D
(Type 2 Diabetes) between different anatomical locations. S-WAT (subcutaneous white adipose tissue), o-WAT (omental white
adipose tissue). **(p value < 0.01), n=30.



The surface abundance of FceRI decreases in o-WAT in patients with
type 2 diabetes

Figure 20 shows the surface expression of FceRl on mast cells in o-WAT (n=60). The only
statistically significant comparison is between non-T2D and T2D. In contrast, there were no
significant differences among groups in s-WAT (Figure 21). Nevertheless, when comparing o-WAT
and s-WAT inside the same patient (Figure 22Figure 24), there were significant differences in all
three groups. These data indicates that mast cells have higher surface abundance of FceRl in o-
WAT than in s-WAT under normal conditions. Nonetheless, T2D has a greater effect on mast cell
surface expression in o-WAT than in s-WAT.
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Figure 20. Comparison of the normalized antigenic density (nAgD) of FceRI on the surface of mast cells in omental white
adipose tissue depending on T2D (Type 2 Diabetes) status. * (p value < 0.05) n=60.
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Figure 21. Comparison of the normalized antigenic density (nAgD) of FceRI on the surface of mast cells in subcutaneous white
adipose tissue depending on T2D (Type 2 Diabetes) status n=60.
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Figure 22. Comparison of the normalized antigenic density (nAgD) of FceRI on the surface of mast cells in patients without T2D
(Type 2 Diabetes) between different anatomical locations. S-WAT (subcutaneous white adipose tissue), o-WAT (omental white
adipose tissue). **** (p value < 0.0001) n=23.
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Figure 23. Comparison of the normalized antigenic density (nAgD) of FceRI on the surface of mast cells in patients with pre T2D
(Type 2 Diabetes) between different anatomical locations. S-WAT (subcutaneous white adipose tissue), o-WAT (omental white
adipose tissue). **** (p value < 0.0001) n=21.
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Figure 24. Comparison of the normalized antigenic density (nAgD) of FceRI on the surface of mast cells in patients with T2D
(Type 2 Diabetes) between different anatomical locations. S-WAT (subcutaneous white adipose tissue), o-WAT (omental white
adipose tissue). ** (p value < 0.01) n=16.




The surface expression of CD203c¢c on mast cells decreases in o-WAT in
patients with pre-T2D and T2D

Figure 25 shows the surface expression of CD203c on mast cells in 0-WAT (n=27). Interestingly,
there are significant differences among non-T2D and T2D and among non-T2D and pre-T2D.
There were no significant differences between groups in s-WAT (Figure 26). These results indicate
that surface expression of CD203c on mast cells in 0-WAT is strongly influenced by changes in
glycemic control. Noteworthy, the p-values obtained are very small taking into account the
reduced sample size. This highlights the relevance of this phenomenon. Importantly, when
comparing both adipose tissue locations inside the same patient the results were significant in
all three groups.

Omental White Adipose Tissue

*%

*k
[ 1

CD203c nAgD

Non-T2D Pre-T2D T2D

Figure 25. Comparison of the normalized antigenic density (nAgD) of CD203c on the surface of mast cells in omental white
adipose tissue depending on T2D (Type 2 Diabetes) status. ** (p value < 0.01) n=27.



Subcutaneous White Adipose Tissue

.,+—ﬁ

Non-T2D Pre-T2D T2D

Figure 26. Comparison of the normalized antigenic density (nAgD) of CD203c on the surface of mast cells in subcutaneous white
adipose tissue depending on T2D (Type 2 Diabetes) status n=27.
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Figure 27. Comparison of the normalized antigenic density (nAgD) of CD203c on the surface of mast cells in patients without
T2D (Type 2 Diabetes) between different anatomical locations. S-WAT (subcutaneous white adipose tissue), o-WAT (omental
white adipose tissue). **(p value < 0.01) n=10.
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Figure 28. Comparison of the normalized antigenic density (nAgD) of CD203c on the surface of mast cells in patients with pre
T2D (Type 2 Diabetes) between different anatomical locations. S-WAT (subcutaneous white adipose tissue), o-WAT (omental
white adipose tissue). ***(p value < 0.001) n=9.
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Figure 29. Comparison of the normalized antigenic density (nAgD) of CD203c on the surface of mast cells in patients with T2D
(Type 2 Diabetes) between different anatomical locations. S-WAT (subcutaneous white adipose tissue), o-WAT (omental white
adipose tissue). *(p value < 0.05) n=8.



Validation of the nAgD results through RT-qPCR

Mast cells are the only cells that CD117, FceRl, and CD203c in adipose tissue. Therefore, RNA
from whole adipose tissue was suitable for RT-qPCR (n = 60). Unfortunately, since all leukocytes
in adipose tissue express CD45, it does not make sense to perform the RT-qPCR. Figure 30Figure
35 exhibit the gene expression of CD117, FceRl and CD203c both in o-WAT and s-WAT.
Importantly, the RT-qPCR assay showed the amount of mMRNA normalized by the expression of
two housekeeping genes (PPIA and RPS13). Nevertheless, flow cytometry quantifies the surface
density of multiple proteins of interest in a specific cytometric population. Despite the two
methods target different stages of gene expression, the RT-qPCR data for CD117, FceRIl and
CD203c followed the same trends as the surface abundance analysis. Such reinforces the surface
abundance data previously discussed.
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Figure 30. Variation of CD117 fold change depending on the T2D diabetes status in omental white adipose tissue. T2D (type 2
diabetes). *(p value < 0.05), **(p value < 0.01) n=60.




Subcutaneous White Adipose Tissue

*%

*%
I 1

75

CD117 Fold Change
3

i =

Non-T2D Pre-T2D T2D

Figure 31. Variation of CD117 fold change depending on the T2D diabetes status in subcutaneous white adipose tissue. T2D
(type 2 diabetes). **(p value < 0.01) n=60.
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Figure 32. Variation of CD203c fold change depending on the T2D diabetes status in omental white adipose tissue. T2D (type 2
diabetes). ***(p value < 0.001) n=60.
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Figure 33. Variation of CD203c fold change depending on the T2D diabetes status in subcutaneous white adipose tissue. T2D
(type 2 diabetes) n=60.
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Figure 34. Variation of FceRI fold change depending on the T2D diabetes status in omental white adipose tissue. T2D (type 2
diabetes). *(p value < 0.05) n=60.
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Figure 35. Variation of FceRl fold change depending on the T2D diabetes status in subcutaneous white adipose tissue. T2D (type
2 diabetes) n=60.

The surface abundance of CD45 on mast cells in o-WAT is a good
predictor of T2D

We employed a principal component analysis (PCA) to identify patterns in this high-dimensional
dataset. As displayed in Figure 36, patients in the non-T2D group appear in the left part of the
graph. Then, a multiple regression analysis was performed to see whether there was a
relationship between the variable HbA1lc (which defines the T2D status) and the other variables
studied. Importantly, significant p-values were obtained with age and mast cell CD45 surface
abundance in 0-WAT in the individual t-tests. Furthermore, the p-value for CD117 mast cells in
o-WAT was nearly significant (p = 0.066).

Besides, a linear discriminant analysis was performed. This identifies the linear combinations of
the original variables that provide a better separation of observations in the transformed space
given the levels of the “type 2 diabetes” variable (no, pre, yes). Figure 37 shows that the first
linear combination (LD1) is quite good separating the observations. The distribution of the
patients across LD1 is the following: patients with non-T2D tend to have negative values, patients
with pre-T2D have values around zero, and patients with T2D tend to have positive values.
Correlations between each variable and LD1 are shown in Table 5. Importantly, a good correlation
was observed with the surface abundance of CD45 on mast cells in o-WAT (-0.59), age (0.55) and
surface abundance of CD117 on mast cells in o-WAT (-0.48).



Finally, we used random forest analysis to determine the relevance of each variable in
differentiating the three groups. This relevance is determined by the average decrease in the Gini
index. Figure 38 convincingly exhibits that the surface abundance of CD45 and CD117 on mast
cells in o-WAT are the first and third most relevant variables respectively. These two were more
relevant than variables typically measured in this type of patients including lipid metabolism
(cholesterol, triglycerides, HDL and LDL) and BMI. These data indicates that there is a close
relationship among mast cells and glycemic control in o-WAT.
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Figure 36. Principal component analysis (PCA). This approach reduces data dimension and identify conserved patterns. BMI
(body mass index), oWAT (omental white adipose tissue), sSWAT (subcutaneous white adipose tissue) Comp (component), NO
(non-type 2 diabetes group), PRE (pre-type 2 diabetes group), YES (type 2 diabetes group), n=96.
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Figure 37. Linear discriminant analysis (LDA). This approach provides the linear combinations of variables that better separate
observations. NO (non-type 2 diabetes group), PRE (pre-type 2 diabetes group), YES (type 2 diabetes group), LD1 (linear
discriminant 1), LD2 (linear discriminant 2), n=96.

Table 5. Correlation of each variable with LD1. BMI (body mass index), o-WAT (omental white adipose tissue), s-WAT
(subcutaneous white adipose tissue), LD1 (linear discriminant 1).

Variable Correlation with LD1
CD45 o-WAT -0.588
Age 0.547
CD117 o-WAT -0.485
CD117 s-WAT -0.412
LDL -0.393
CD45 s-WAT -0.370
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Figure 38. Random Forests Analysis. This approach calculates how each variable contributes to differentiate the three groups of
patients. BMI (body mass index), o-WAT (omental white adipose tissue), s-WAT (subcutaneous white adipose tissue).



Discussion

Mast cells are well-known for their roles in inflammation and allergy, raising the question of
whether they also contribute to obesity and T2D.

A prior study reported an increase in mast cell numbers in adipose tissue in patients with T2D
(90). However, this study relied on histological slides and normalized mast cell numbers with the
surface of fibrosis in tissue biopsies, which lacked precision. Importantly, mast cells are not
confined to fibrotic tissue and are frequently found around blood vessels (22). To address this,
the present study employed a more accurate cell-counting method by digesting whole samples
(2-2.5g) and performing a flow cytometry.

Other studies in murine models found that cromolyn, a mast cell stabilizer, reduced obesity,
adipose tissue fibrosis, and promoted insulin sensitivity (80,91). Although cromolyn is used to
treat asthma, its mechanism of action remains poorly understood (92). Interestingly, mucosal
mast cells respond to cromolyn, while connective tissue mast cells do not (92,93). Furthermore,
TNFa production showed no significant difference between wild-type and mast cell-deficient
mice, but cromolyn inhibited TNFa production in both groups in a dose-dependent manner,
suggesting that cromolyn also target other immune cells (92).

Genetic ablation of CD117, a critical receptor for mast cell development, protected mice from
weight gain and insulin resistance (80). However, further experiments showed that it was CD117
ablation, not mast cell depletion, what improved the metabolic profile (81). This occurs because
CD117 is also important in the development of other immune cells including T lymphocytes (94),
B lymphocytes (95), and neutrophils (96). Despite various genetic models exploring the effects of
mast cell absence in white adipose tissue (WAT), current evidence does not support their
deleterious role in obesity and insulin resistance (97,98). The problem of these models is that
they primarily focused on the immunological function of mast cells (as cells with inflammatory
potential). However, mast cells have a deeper relationship with adipose tissue. Mast cells are
present in WAT during the embryonic stage, where they differentiate under the influence of the
local microenvironment (99,100). They contribute to WAT homeostasis by interacting with
adipokines, lipoproteins, and stromal cells (98,101,102). Besides, they are relevant in
physiological responses of WAT. In cold conditions, mast cell numbers increase in WAT,
promoting the browning of WAT in response to norepinephrine (103,104). They also play a vital
role in adipose tissue expansion by promoting angiogenesis (22) and glucose-dependent
adipogenesis (77,78), contributing to metabolically healthy adipose tissue expansion.

In a nutshell, mast cells are not central players driving adipose tissue inflammation in patients
with T2D. BMI remains similar irrespective of T2D status, indicating that the issue may be related
to the mechanism of adipose tissue expansion.

When adipocytes expand in response to increased nutrient availability, oxygen diffusion
decreases, causing mild hypoxia that triggers angiogenesis (105). Angiogenesis is impaired in



patients with T2D (73), exacerbating hypoxic stress and triggering inflammation and fibrosis
(23,63,66,105,106). Mast cells sense this hypoxic condition through reactive oxygen species
(ROS) and hypoxia-inducible factor 1a (HIF1la) production (22). To promote angiogenesis, they
release pro-angiogenic factors (VEGF, FGF, TGF-beta), proteases to remodel the ECM, histamine
to increase vascular permeability, and heparin (22). They also downregulate pro-inflammatory
cytokine production in response to hypoxia (107) and interact with endothelial cells to promote
their proliferation and release of angiogenic factors (108). Noteworthy, in the absence of mast
cells, adipose tissue is less vascularized (109).

Furthermore, mast cells contribute to foam cell formation and pre-adipocyte to adipocyte
differentiation (22,77,78,110), affecting the adipose tissue's capacity to uptake and store lipids.
The decrease in the number of mast cells reduce this capacity of lipid accumulation in adipose
tissue. This results in increased free fatty acids, causing hyperlipidemia, which activates TLR2 and
TLR4 on macrophages, promoting inflammation (23,106), as well as gluconeogenesis in the liver,
leading to hyperglycemia (111) and hepatic steatosis (64). Hyperlipidemia is also an indicator of
a poor prognosis for the development of cardiovascular diseases (112).

There is limited research on mast cells in WAT, with most studies relying on murine models.
Unfortunately, there are important differences between mouse and humans when it comes to
WAT. In humans. Humans tend to expand WAT in omental and mesenteric depots while mice
expand WAT in gonadal depots (56,59). Most sexual hormones are liposoluble and WAT can be
greatly influenced by them (113). Therefore, the proximity between the gonads and adipose
tissue in mice generates a different microenvironment. This limitation is not frequently discussed
but has important implications for the translation of mice results to humans. Besides, in mice,
WAT fibrosis impairs tissue function, but the situation is more complex in humans. Fibrosis in
human s-WAT is associated with a pathological metabolic profile, larger adipocytes, and less
weight loss after bariatric surgery (114). In contrast, fibrosis in omental WAT (o-WAT) is linked to
smaller adipocytes (115,116), providing a better metabolic profile (115,116). Mast cells are
abundant in fibrotic tissue, where they can either produce or degrade collagen depending on the
molecular context (117). In adipose tissue fibrosis, their role remains unclear (117). However, in
the liver, mast cells have an antifibrotic role (118).

Previous research has reported three key aspects of adipose tissue physiology after weight loss
induced by bariatric surgery (119). Firstly, extensive tissue remodeling occurs, increasing insulin
sensitivity. Secondly, pre-adipocyte numbers increase, and thirdly, adipocyte size decreases.
These changes suggest a remodeling process leading to normalized glucose metabolism. Bariatric
surgery also reduces inflammation in both o-WAT and s-WAT, including a substantial decrease in
neutrophil numbers (119). Importantly, after bariatric surgery, mast cell numbers increase 10
times in o-WAT and 4 times in s-WAT (119). Consequently, as mast cells increase and promote
adipogenesis, they likely play a major role in adipose tissue remodeling.

A study by Goldstein et al. (120) demonstrated that in patients with obesity, a higher number of
mast cells in o-WAT is associated with a lower cardiometabolic risk. Moreover, more mast cells
in 0-WAT correlate with greater weight loss after bariatric surgery. These findings suggest that



mast cells have a close relationship with WAT physiology and play an essential role in it
(22,77,78,107,110). These findings indicated that T2D influenced mast cells, although the specific
phenotypic changes remained unclear.

Mast cells undergo extensive post-transcriptional and post-translational regulation (75,121).
Among these, they can sequester membrane receptors intracellularly (122—-125). For instance,
CD203c is stored in the membrane of granules, and it is translocated to the plasma membrane
after granule release (126,127). Traditional techniques like RT-PCR and Western Blot may
overestimate the functional amount of certain membrane proteins on mast cells. This work
presents a flow cytometry-based approach that detects mast cells and their surface expression
of CD45, CD117, CD203c, and FceRIl. This technique specifically detects membrane-bound
proteins, providing a more accurate assessment of biologically active receptors. It has advantages
over traditional methods, as it analyzes mast cells in the whole stromal vascular fraction and is
not influenced by cell numbers. Furthermore, it saves time and resources by eliminating the need
for mast cell purification. Similar technology has been employed on mast cells previously (127)
and used for diagnosing certain pathologies, including chronic granulomatous disease (128,129).
The use of the internal control also addresses potential errors introduced by flow cytometer laser
oscillations, enhancing result accuracy and reproducibility.

Our research reveals phenotypic changes in mast cells in patients with T2D, particularly in o-WAT.
The reduced surface expression of CD117 in patients with T2D suggests a decline in mast cell
survival and activatory signals. Decreased plasma levels of stem cell factor, which binds CD117,
are associated with T2D and cardiometabolic diseases (130,131), further contributing to mast cell
death and reduced numbers.

Reduced surface expression of FceRl on mast cells in patients with T2D decreases their activation
potential via IgE-antigen binding, as crosslinking of at least two IgE-FceRl complexes is required
for activation (132). IgE binding to FceRl also promotes mast cell survival (133,134), compounding
the decrease in mast cell numbers.

The reduced surface expression of CD45, a tyrosine phosphatase regulating the activation of Src
family kinases, suggests a decline in mast cell effector function (135). This decline likely affects
various mast cell interactions with other cells in the microenvironment, including the promotion
of pre-adipocyte to adipocyte differentiation, lipid uptake by macrophages and their
differentiation into foam cells, and angiogenesis.

Finally, a sharp decrease in surface expression of CD203c indicates reduced secretory activity in
mast cells, further impairing their function in adipose tissue.

Conclusions

e The number of adipose tissue mast cells decreases in patients with T2D both in o-WAT
and in s-WAT. However, the decrease is more significant in o-WAT.



The surface abundance of CD117 on adipose tissue mast cells decreases in patients with
T2D both in o-WAT and s-WAT.

The surface abundance of CD45, CD203c, and FceRl on adipose tissue mast cells
decreases in the o-WAT of patients with T2D but not in the s-WAT.



Chapter 2: Innate immune cells as
important players of the tumor
microenvironment in colorectal cancer

Introduction

Colorectal cancer (CRC) is the fourth most common cancer worldwide and the second leading
cause of cancer-related deaths (136). The risk factors for CRC include age (especially after 50
years old), family history of CRC or inherited genetic conditions (such as Lynch syndrome or
familial adenomatous polyposis), personal history of inflammatory bowel disease, smoking,
obesity, lack of physical exercise, and a diet high in processed meats and low in fiber (137).

Since adenocarcinoma accounts for more than 90% of all CRC cases (138), in the present study
CRC will always refer to colorectal adenocarcinoma. If CRC is detected in the early stages, the
chances of successful treatment and improved survival rates are significantly higher (139).
However, approximately half of CRC cases are diagnosed at advanced stages, which greatly
reduces the chances of successful treatment and contributes to the high mortality rate (140). The
principal cause of death in CRC patients is metastasis, which frequently occurs in the liver and
lungs (141). Due to the high incidence and mortality rates of CRC, high income countries have
implemented screening programs to detect CRC early and improve patient outcomes. These
programs include fecal blood testing every 2 or 3 years, colonoscopy every 10 years, and the use
of imaging techniques such as computed tomography scans and magnetic resonance imaging for
further evaluation of suspicious lesions or metastases (142). These programs had a huge success
and reduced mortality rates 30% (143). However, despite the progress in early detection and
treatment options for CRC, the complex developmental mechanisms of colorectal cancer
continue to present challenges in effectively treating the disease (144).

Molecular aspects of colorectal cancer

CRC is a genetically heterogeneous disease in which a wide variety of genetic pathways can be
affected. The genes more frequently mutated are APC, KRAS, TP53, SMAD4 and PIK3CA (145).
These mutations impair important signaling and regulatory pathways involved in proliferation,
differentiation, and apoptosis (145). Besides, the mutations in KRAS indicate poor prognosis and
predict resistance to anti-EGFR therapies (146).

CRC is a disease characterized by the progression of benign adenomas to malignant
adenocarcinomas through a series of genetic and epigenetic alterations (147). There are two
pathways that explain this transition from a benign adenoma to a malignant adenocarcinoma.



The first pathway is the one of sporadic CRC and includes a mutation in APC as an early event,
followed by the accumulation of additional genetic alterations that activate oncogenes and
inhibit tumor suppressor genes. Importantly, here the mutation of TP53 is a late event (147). This
pathway is the most common. The second pathway is the one of colitis-associated CRC, which is
characterized by chronic inflammation in the colon due to conditions such as ulcerative colitis or
Chron's disease. In this pathway, the mutation of TP53 is an early event that occurs in the setting
of chronic inflammation, leading to the development of dysplastic lesions that can mutate APC
in a late event that drives the progression to adenocarcinoma (147). Noteworthy, both pathways
occur in an inflammatory context but there are important differences between them. Sporadic
CRC pathway occurs in a low-grade inflammation microenvironment enriched in IL-17 (148), and
IL-23 signaling (149), whereas the colitis-associated CRC pathway is characterized by a high-grade
inflammation involving IL-6 and TNF-a signaling (150).

Regarding the type of genetic alterations in the tumor, CRC can be classified into tumors with
microsatellite instability and tumors with chromosomal instability and then further subclassified
into 4 molecular subtypes (CMS1-4) (151). Tumors with microsatellite instability belong to CMS1
and are characterized by defects in DNA mismatch repair mechanisms, including mutations in
genes such as MLH1, MSH2, MSH6, AND PMS2. This leads to the accumulation of mutations in
microsatellite regions throughout the genome (152). Besides, tumors with microsatellite
instability typically exhibit alterations in methylation patterns, such as hypermethylation of CpG
islands and subsequent gene silencing (151). The high mutation burden of these types of tumors
generates a high neoantigen load. Therefore, it is easier for the adaptive immune system to
recognize and target these tumor cells (151,152). Consequently, tumors with microsatellite
instability tend to have a high infiltration of Thl and CD8+ T lymphocytes (151,152). Moreover,
tumor cells in this context evade immune surveillance impairing the T lymphocyte response. This
can be achieved through the upregulation of immune checkpoint molecules such as PD-L1 or
CTLA-4, which bind to their receptors on T cells and suppress their activity (153).

Tumors with chromosomal instability, on the other hand, are characterized by large-scale
genomic rearrangements and alterations in chromosomal structure (154). These alterations can
lead to the loss or amplification of specific genes involved in tumor development and progression
(154). Nevertheless, these tumors are much more heterogeneous and include CMS2-4 molecular
subtypes (151). The CMS2 subtype is characterized by the activation of the WNT signaling
pathway, which plays a crucial role in cell proliferation and differentiation (155). Besides, this
subtype also exhibits high EGFR and MYC expression and amplification (155). CMS3 tumors have
alterations in metabolic pathways such as the upregulation of fatty acid metabolism and
downregulation of oxidative phosphorylation (156). Additionally, this subtype shows an
increased epithelial-to-mesenchymal transition due to dysregulated TGF-B and NF-kB signaling
pathways (156). Finally, CMS4 tumors are characterized by stroma and stromal cell infiltration,
indicating a strong desmoplastic reaction (157). This subtype displays more aggressive behavior
and is associated with a worse prognosis compared to the other subtypes (158).



The role of tumor microenvironment in colorectal cancer

CRC tumors are made of a complex network of different cell types, extracellular matrix
components and signaling molecules that interact in a dynamic tumor microenvironment (TME).
CRCincludes neoplastic cells of epithelial origin organized in a hierarchical structure in which cells
with different degrees of differentiation, phenotypes, and clonogenic potential coexist (159).
Moreover, endothelial cells, fibroblasts, immune cells, and other stromal cells are also present in
the TME (160). Importantly, most of the interactions in the TME are bidirectional. Therefore, non-
neoplastic cells can modulate the behavior and characteristics of tumor cells, affecting their
growth, invasion, and response to treatment (161) while neoplastic cells can influence
extracellular matrix remodeling, angiogenesis, and immune phenotype (162). This crosstalk has
a significant impact on tumor progression, metastasis, and response to therapy (163).

Chronic inflammation in the TME is a hallmark of cancer (160). This is particularly relevant in CRC
since patients with conditions such as inflammatory bowel disease have a higher risk of
developing CRC (147). When the colon is under stress it triggers a low-grade inflammatory
response to adapt to the new condition. This low-grade inflammatory response is often referred
to as para-inflammation, as it involves the moderate recruitment of immune cells and the release
of cytokines that promote tissue repair and homeostasis (8). However, if the condition that is
triggering this para-inflammation persists or becomes more severe it can progress to chronic
inflammation and profoundly alter the microenvironment (8). This chronic para-inflammation
becomes particularly relevant if epithelial cells undergo genetic mutations. The purpose of this
chronic inflammation is to remove damaged cells, repair the tissue, and restore homeostasis in
the affected area (164). This inflammatory microenvironment triggers the senescence
inflammatory response (SIR) in epithelial cells (165). The SIR is a complex process involving the
activation of various signaling pathways in which p53 plays a crucial role. If p53 is working
properly, it can induce cell cycle arrest in damaged cells, allowing for their removal from the
tissue as well as the controlled proliferation of surrounding healthy cells to replace the damaged
ones (166). If p53 is not working, it can lead to the accumulation of damaged cells, uncontrolled
proliferation, and subsequent tumor development (166). Importantly, senescent cells that are
not removed acquire a secretory phenotype known as the senescent-associated secretory
phenotype (SASP). The SASP is characterized by the secretion of various pro-inflammatory
cytokines, growth factors, and matrix-degrading enzymes. This contributes to the pro-
inflammatory microenvironment, generates stress in the surrounding cells, and promotes tumor
development and progression (165). In short, acute inflammatory processes contribute to the
efficient removal of damaged cells and reduce the chances of tumor development, while classical
chronic inflammation and para-inflammation contribute to the survival of senescent cells and
increase the risk of tumor development.

This phenomenon is important to understand treatment resistance. Chemotherapy works by
inducing DNA damage. This is lethal in rapidly dividing cells like tumor cells, but it also causes
stress and DNA damage-induced cellular senescence in normal cells, leading to the secretion of
SASP factors and the promotion of inflammation, which in turn can contribute to resistance to



these therapies (167). Besides, not all tumor cells are dividing, and some may exist in a quiescent
state, which makes them less susceptible to the cytotoxic effects of chemotherapy (168).
Therefore, the reorganization of the microenvironment after the therapy can trigger the
selection of clones, resulting in the emergence of tumor cells that have acquired resistance to
treatment, and the activation of quiescent tumor cells that were previously unaffected by the
treatment (169). The SASP produced by stressed and senescent cells after chemotherapy
contributes to the development of a pro-inflammatory microenvironment promoting tumor cell
survival, proliferation, and resistance to therapy (170). However, the TME undergoes a profound
remodeling after the treatment, which includes changes in the composition of immune cells,
cytokine levels and extracellular matrix components, all of which can influence tumor growth and
response to therapy (171).

From the immunological perspective, tumors with chromosomal instability exhibit a reduced
neoantigen burden compared to tumors with microsatellite instability, which results in a weaker
activation of the adaptive immune system and a reduced infiltration of T lymphocytes into the
TME (172). However, there are important differences between CMS2-4 subtypes in terms of their
immunological characteristics. CMS2 tumors have a significantly lower infiltration of Thl and
CD8+ T lymphocytes than CMS1 tumors, but there is still some infiltration of these cells into the
TME (173,174). Moreover, the dominant immune cell populations in the TME of CMS2 tumors
are resting NK cells and naive CD4+ T lymphocytes (173,174). This TME also includes the
upregulation of CXCL9, CXCL10, CXCL16, and IFN-y, which contribute to the recruitment of NK
and T lymphocytes and the upregulation of MHC class | in the TME (175). Furthermore, these
tumors also upregulate immune checkpoint molecules to evade immune surveillance (176).
Importantly, both CMS1 and CMS2 are immune-activated TMEs, the difference is the degree of
activation. In addition to the higher infiltration of Th1l and CD8+ T lymphocytes, CMS1 tumors
also exhibit a higher infiltration of T follicular helper cells and a higher activation of y6 T
lymphocytes and dendritic cells (177). Besides, macrophages in CMS1 are more polarized toward
pro-inflammatory phenotypes while in CMS2 they are more polarized toward anti-inflammatory
phenotypes (178).

On the other hand, CMS3 and CMS4 tumors show an extremely reduced or absent infiltration of
Th1l and CD8+ T lymphocytes, indicating a more immunosuppressive TME (173,174). CMS3 is
considered an immune desert due to the almost absent immune infiltration. The very few
immune cells present in the TME include macrophages with an anti-inflammatory phenotype and
some neutrophils (177).

CMS4 tumors exhibit a high infiltration of anti-inflammatory macrophages, Tregs, and myeloid-
derived suppressor cells (MDSCs) (173,178). These cells generate a non-productive inflammation
that promotes tumor progression and immunosuppression mainly by the upregulation of TGF-
and VEGF (173,174). This is enhanced by the upregulation of immune checkpoint molecules,
which further support immune evasion and yield a worse prognosis (179,180). Importantly, CMS4
is much more heterogeneous than the other subtypes and some authors have suggested that it
should be further subdivided into additional subgroups based on the specific immune cell
composition and molecular characteristics (181,182).



Noteworthy, neutrophils are present in all molecular subtypes and mast cells are only absent in
CMS3. However, their specific role in the TME of each subtype is still not fully understood and
requires further investigation (183). Finally, approximately 13% of all CRC tumors cannot be
classified in any of the CMS groups (182), which indicates the presence of alternative molecular
subtypes or unique immune microenvironments that have not yet been characterized.

In a nutshell, when it comes to TME, CMS1 tumors exhibit a high immune activation, CMS2
tumors a low immune activation, CMS3 tumors immune exclusion, and CMS4 tumors
immunosuppression. Nevertheless, immune evasion occurs in all of them and is essential for
tumor progression.

This highlights the importance of understanding the TME and its interactions to improve cancer
treatment strategies and overcome therapy resistance. Accordingly, immunotherapies have
been developed to target the TME and complement chemotherapy treatments. The discovery of
immune checkpoints offered a new strategy for cancer treatment by blocking the inhibitory
signals that suppress the immune system's ability to recognize and eliminate tumor cells (184).
In CRC, these immunotherapies focused mainly on blocking the PD-1/PD-L1 and CTLA-4
pathways, which are critical regulators of T cell responses in the TME (185). Unfortunately, only
patients with CRC tumors that display microsatellite instability respond to immunotherapy (186).
This accounts only for 5-15% of all CRC patients (187), highlighting the complexity and
heterogeneity of the TME and the need for further research and understanding of the
interactions between tumor cells, immune cells, and the TME.

The importance of tumor microenvironment in clinical decisions. State
of the art and perspectives

Traditionally, the staging of CRC has been performed with the use of the American Joint
Committee on Cancer TNM staging system, which considers the tumor size and invasion, lymph
node involvement, and presence of distant metastases (188). Stage 0 is known as carcinoma in
situ, where the tumor is confined to the innermost layer of the colon or rectum. Stage | CRC is
characterized by invasion of the tumor into the submucosa, while stage Il CRC indicates
penetration through the muscularis propria but without involvement of nearby lymph nodes.
Stage Il CRC is defined as the invasion of the tumor into nearby lymph nodes, and stage IV CRC
implies distant metastasis to other organs (189). Noteworthy, these stages are further
subclassified (from A to C) based on other factors such as tumor grade, histological type, and the
presence of certain genetic mutations (189). This system may seem to be straightforward and
universally applicable, but it has important limitations. For example, patients in stages 1IB and IIC
have worse outcomes compared to those in stage IlIA, which is not consistent with the expected
progression of disease based on tumor size and lymph node involvement alone (189). This
highlights the need for a more comprehensive and accurate prognostic scoring system.



The TNM system only uses information from anatomical features from tumor cells to stage
colorectal cancer, but it fails to capture the complex interactions and dynamics of the TME that
contribute to disease progression. Besides, its prognostic value is limited and fails to predict the
response to treatment (190). Therefore, a new immunohistochemical system called
immunoscore has been developed to evaluate the immune landscape within tumors, taking into
account the type, density, and location of immune cells (191). Currently, the immunoscore
algorithm evaluates the infiltration of total T lymphocytes and CD8+ T lymphocytes in the tumor
core and invasive margin and gives a score from 0 to 4 in each location (192). Interestingly,
accumulating evidence suggests that the immunoscore has shown superior and independent
prognostic value than TNM and helps to predict the response to adjuvant chemotherapy
(191,193). Moreover, the clinical guidance for the management of patients with CRC from the
European Society of Medical Oncology (ESMO) includes the assessment of immunoscore as a
recommended prognostic marker and guide for treatment decisions (194).

Despite the huge leap forward of immunoscore in the management of patients with CRC it still
has some weaknesses. One of the main drawbacks is that it currently focuses mainly on the
evaluation of CD8+ T lymphocytes, neglecting the contributions of other immune cell types in the
TME. Besides, given the current knowledge about the molecular subtypes of CRC, the sole
measurement of CD8 T lymphocytes may not be appropriate in all the subtypes. In the case of
CMS1 and CMS2, since they are characterized by higher immune infiltrates of CD8+ T
lymphocytes and their blockage through immune checkpoints is one of the main strategies for
immune evasion, the immunoscore may provide valuable information about the stage of the
tumor. In CMS3, since it is an immune desert, the immunoscore may not be as informative in
terms of predicting the prognosis and the response to treatment. Finally, in CMS4 there is not an
easy answer due to the complexity of the interactions in its TME and its heterogeneity. Some
CMS4 tumors can exhibit certain degree of CD8+ T lymphocyte infiltration (178). However, this is
one of the main sources of heterogeneity inside the CMS4 subtype (195). Besides, in the CMS4
subtype the recruitment and activation of Tregs and MDSCs are much more relevant than in the
other subtypes (183,195) and it may be a better target for the immunoscore in this particular
subtype of CRC. Importantly, the studies about immunoscore usually do not specify the molecular
subtypes of colorectal cancer that were included in their analyses. CMS1 and CMS2, in which
current immunoscore should have a very high predictive value, represent respectively 14 and
37% of all CRC cases, while CMS3, in which current immunoscore should not have a high
predictive value, represents about 13% of all cases (196). Moreover, CMS4 and tumors that do
not fall into any of these subtypes, in which is unclear whether CD8+ lymphocyte infiltration is a
good indicator of tumor progression, represent respectively about 23 and 13% (196). Therefore,
in a random selection of patients with CRC, it may be possible that the good predictive results of
patients with CMS1 and CMS2 will compensate for the results of patients with CMS3, leading to
an overall favorable predictive value of the immunoscore. In any case, the use of different
immunoscores in different subtypes of CRC may be more useful for tailoring treatment strategies
and predicting prognosis accurately.

This problem will have a difficult solution with the current immunoscore set up, since in
immunohistochemistry you can only test one marker at a time (197), making it challenging to



comprehensively assess all immune cell populations in the TME. It would be possible to adapt
the technology to multiplex immunohistochemistry or immunofluorescence, which would allow
the simultaneous detection of a few markers (198). Nevertheless, that would be still insufficient.
The best option for keeping the spatial information and evaluate multiple immune cell types
simultaneously would be the use of advanced technologies such as spatial transcriptomics or
spatial proteomics (199). The problem with these cutting-edge technologies is that they are
currently limited in their availability, very expensive, and require further validation and
standardization before they can be widely adopted in clinical practice. Besides, the data
generated by these advanced technologies can be complex and may require sophisticated
bioinformatic analysis to extract meaningful information from them. Such could be a problem for
small and medium-sized medical facilities that may not have the resources or expertise to
effectively utilize these technologies.

In this challenging scenario, flow cytometry emerges as a very interesting approach. Flow
cytometry is a powerful tool routinely used in clinical practice that allows the simultaneous
detection of several markers and their quantification in individual cells (200). It is frequently used
in hematology for the diagnosis, treatment decision, and monitoring of hematologic malignancies
(201). However, when applied to solid samples previously digested, the partially undigested
extracellular matrix can interfere with the analysis (202). Thus, in clinical practice, flow cytometry
is currently limited to peripheral blood and bone marrow samples (201). The advantages of
developing an immunoscore version with flow cytometry include the ability to check for multiple
immune cell markers simultaneously, allowing for a comprehensive assessment of the immune
cell populations in the TME. Additionally, flow cytometry offers the possibility of providing
guantitative data on marker expression levels, allowing for a more precise characterization of
immune cell phenotypes within the TME (203). This is very relevant since the production of
cytokines and chemokines can be measured along with surface markers (203), providing
additional insights into the functional state and immune response within the tumor. Noteworthy,
the abundance of certain cytokines and chemokines has prognostic value in CRC (191) and in
other types of cancer has been seen that it predicts treatment response (204). Besides, since
most hospitals already have flow cytometry instruments and expertise in place, it would make
the implementation of immune phenotyping via flow cytometry a more feasible and cost-
effective option. Nevertheless, unlike immunohistochemistry and the advanced technologies
mentioned earlier, flow cytometry does not provide spatial information, which may limit its
applicability for the analysis of solid tumors (205). However, the fact that the number of cells in
the cell suspension employed for flow cytometry is much higher than what can be obtained from
tissue sections (203) brings two important advantages. Firstly, samples from multiple regions of
the tumor can be combined, providing a more representative and comprehensive analysis of the
heterogeneity of the TME and potentially overcoming the limitations of the lack of spatial
information. Secondly, it allows the identification and analysis of rare cell populations that may
be present in low frequencies within the TME.

In summary, the use of flow cytometry in immunoscore development offers several advantages,
including the ability to assess multiple immune cell markers simultaneously, to provide
guantitative data on marker expression levels, and an easy translation into clinical practice.



Hypothesis

e The tumor microenvironment (TME) induces changes in the dynamics of innate immune
cells to promote tumor progression and avoid immune surveillance. This will include
changes in the immunophenotype mainly in mast cells, since they are critical players in
the modification of the extracellular matrix.

Objectives

e To develop a protocol that allows for the obtention of high-quality cell suspensions from
mucosa and CRC samples.

e To evaluate the changes in population dynamics in T lymphocytes, macrophages,
neutrophils, eosinophils, plasmacytoid dendritic cells, conventional dendritic cells, and
mast cells between the mucosa of healthy controls, the unaffected mucosa of CRC
patients, and CRC.

e To evaluate the surface abundance of CD45 on innate immune cells.

e To evaluate the immunophenotypical changes in mast cells between the mucosa of
healthy controls, the unaffected mucosa of CRC patients, and CRC.

Materials and Methods

Cohort

This study includes 54 untreated patients diagnosed with CRC and 20 healthy controls that
underwent routine tests. Patients with synchronic tumors, previous oncological diseases, Lynch
syndrome, and systemic autoimmune diseases were excluded from the cohort. All patients
accepted to participate in the study and provided their written informed consent.

Sample Processing

For each patient with CRC, two biopsies were collected, one from the tumor and one from the
nearby unaffected mucosa (3 cm away from the tumor margin). Besides, healthy controls
provided one sample from normal mucosa. All the samples were collected in the
Gastroenterology Unit of San Cecilio University Hospital following approved protocols. The
biopsies were conserved in PBS and ice right after their extraction. After that, they were digested
in RPMI 1640 medium supplemented with 2 mg/ml collagenase type | (Sigma-
Aldrich), hyaluronidase (Sigma-Aldrich), chondroitinase (Sigma-Aldrich), heparinase I-Ill (Sigma-
Aldrich) and 5 mM CaCl2 in a final volume of 1 ml, at 37°C during 2h. Subsequently, the samples
were poured through a 100um filter, and centrifuged for 10 minutes at 900 x g. Finally, the pellet,



that includes the stromal vascular fraction, was resuspended in 500l of antibody staining buffer
(PBS, 2% fetal bovine serum, 0.09% albumin, and 0.05% sodium azide) and mixed with 50ul an
internal standard (BD Truecount Absolute Counting Tubes) following manufacturer instructions.

Antibody Staining and Flow Cytometry

The stromal vascular fraction was stained with 2ml of appropriate controls or fluorophore-
labaled antibodies in Eppendorf tubes at room temperature for 20 minutes. Later, the cell
suspension was fixed, and erythrocytes lysed with 1 ml of BD FACS Lysing Solution for 30 minutes.
Then, the samples were centrifuged 10 minutes at 3500 x g, and the pellets were resuspended in
500ul of PBS. After that, the samples were stored at 4°C until the next day. Flow cytometry was
performed using a FACS ARIA lll equipment, and data were acquired on a logarithmic scale. The
internal standard was used to calculate the number of cells per mg of tissue and to normalize the
fluorescence signal when addressing the surface abundance of the different proteins.
Compensation beads and isotype controls were purchased from BD Biosciences. The complete
list of antibodies employed in this study is detailed in the annex. The different cell subpopulations
were identified as follows: CD4* T lymphocytes (CD45* CD3* CD4* CD8), CD8+ T lymphocytes
(CD45* CD3* CD4  CD8*), macrophages (CD45* CD66b- CD117- CD14*"), neutrophils (CD45*
CD66b* CD117- CD14 CD16%), eosinophils (CD45* CD66b* CD117- CD14 CD167), plasmacytoid
dendritic cells (Lin" CD45* CD11c CD123"), conventional dendritic cells (Lin" CD45* CD11c* CD123"
), mast cells (CD45* CD117* FceRI*)

Single cell RNA seq (scRNA seq)

The raw count file was downloaded from the NCBI Gene Expression Omnibus with the accession
code GSE200997. The analysis was performed with R software and Seurat package. For quality
purposes, genes expressed in less than 3 cells as well as cells expressing less than 200 genes,
more than 5000 genes, or with an enrichment of more than 30% in mitochondrial were removed
from the analysis. After that the data was log normalized, variable genes were selected through
variance stabilizing transformation, and data was scalated. Then, a PCA was performed followed
by an UMAP with the top 50 principal components. Later, the clustering was performed using the
Lovain algorithm. Each cell type was identified with the following markers: neutrophils (CSF3R,
S100A8, S100A9), plasmacytoid dendritic cells (LILRA4, LRRC26), conventional dendritic cells
(CD1A, CD1C), and mast cells (TPSAB1, TPSB2).

Statistical Analysis
The differences between healthy controls, unaffected mucosa, and CRC were analyzed with the

Kruskal Wallis test followed by a Wilcoxon pairwise test. All the tests were conducted with R
software and p-values below 0.05 were considered statistically significant.



Results

Flow cytometry

Figure 39 highlights the importance of carbohydrate digestion to obtain high quality cell
suspensions. Importantly, all those undigested events increase the amount of time that the
sample needs to be analyzed in the flow cytometer. Besides, due to the carbohydrate nature of
these events they can aggregate between them due to labile interactions. Sometimes they can
aggregate after passing the filter of the sample line of the flow cytometer generating a clog that
blocks the flow cytometer and forces to stop the experiment to remove it. Therefore, the addition
of chondroitinase, heparinase I-1ll, and hyaluronidase in the digestion cocktail is critical for the
success of the experiment. Figure 40-Figure 43 show the gating strategy employed to identify the
different immune cell populations.

A | | B

SsC
SSC

FSC FSC

Figure 39. Effect of carbohydrate digestion in the quality of the cell suspension. A) Cell suspension from a digestion with
collagenase I. B) Cell suspension from a digestion with collagenase I, chondroitinase, heparinase I-Ill and hyaluronidase
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Figure 40. Gating strategy for the identification of T lymphocyte subpopulations. A) Identification of cells and the internal standard.
B) Identification of leukocytes. C) Identification of T lymphocytes. D) Identification of CD4+ and CD8+ T lymphocytes.
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Figure 41. Gating strategy for the identification of macrophages and granulocytes. A) Identification of macrophages and
granulocytes. B) Subclassification of granulocytes into neutrophils and eosinophils.
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Figure 42. Gating strategy for the identification of dendritic cell subpopulations. A) Identification of dendritic cells. B)
Subclassification of dendritic cells into plasmacytoid (pDCs) and conventional (cDCs). Lin (CD3, CD19, CD56, CD66b, CD14,
cD117)
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Figure 43. Gating strategy for the identification of mast cells

The number of macrophages and T lymphocytes increases in colorectal
cancer

Macrophages and T lymphocytes have been extensively studied in the tumor microenvironment
(TME). The number of macrophages in the tumor microenvironment increases due to the
recruitment of peripheral monocytes. After that, they acquire a tumor-promoting phenotype
that facilitates tumor growth and immune evasion (206). Figure 44 shows that the number of
macrophages is higher in tumors than in the unaffected mucosa of the same patients and in the
mucosa of healthy controls. Thus, this result agrees with previous reports.
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Figure 44. Number of macrophages per mg of tissue in the flow cytometry cohort. Tumor (n=42), unaffected mucosa (n=42),
healthy control (n=20).

T lymphocytes are critical cells in the TME. They are recruited from peripheral blood and can play
a pro or anti-tumoral role. Although some CD4* T lymphocytes in the TME can have a Thl
phenotype and play an anti-tumoral role, most of them have a Th2 or Treg phenotype that
promotes tumor growth and immunosuppression (207). Therefore, the number of CD4* T
lymphocytes in the TME increases as the tumor grows.

CD8* T lymphocytes are effector cells that destroy tumor cells efficiently. A high number of CD8*
T lymphocytes in the tumor is a good prognostic factor (208). However, as the tumor grows, it
impairs the function of CD8* T lymphocytes by several mechanisms: downregulating HLA-I,
upregulating immune-checkpoints, or recruiting immunosuppressive cells (209). Therefore, the
number of CD8* T cells increases but not as much as the CD4" cells due to this inhibition (210).
Figure 45 and Figure 46 show that the number of both CD4* and CD8* lymphocytes rises in the
tumor, but this increase is more prominent in the CD4* population. Thus, the present study
agrees with the current bibliography.

The results obtained in the analysis of macrophages and T lymphocytes in the gut mucosa
confirmed previous observations (206—208,210). Then, although they cannot be considered as
novel results, these have validated the way by which the samples have been processed. Thus,
allowing the achievement of reliable results.
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Figure 45. Number of CD4* T lymphocytes per mg of tissue in the flow cytometry cohort. Tumor (n=31), unaffected mucosa (n=31),

healthy control (n=14).
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Figure 46. Number of CD8* T lymphocytes per mg of tissue in the flow cytometry cohort. Tumor (n=31), unaffected mucosa (n=31),

healthy control (n=14).



The number of neutrophils increases while their surface abundance of
CDA45 decreases in colorectal cancer

Neutrophils are the most abundant cell type in peripheral blood and its role in CRC is strongly
dependent on the interactions in the TME. Like macrophages they can have an anti-tumoral (N1)
or pro-tumoral (N2) phenotype. Several reports identified that the neutrophil to lymphocyte ratio
increases in advanced CRC tumors and has prognostic value (211,212). However, some of these
reports identified neutrophils as MPO positive cells, while some subpopulations of macrophages
can also express MPO (213). The controversy increased after the discovery that a high number of
neutrophils is a good prognostic factor for chemotherapy response (213). Besides, neutrophils
and CD8* T lymphocytes usually colocalize in the TME and its physical interaction enhance the
effector function of CD8* T lymphocytes (214). In the present study, CD66b was used for an
accurate identification of neutrophils, and Figure 47 demonstrates that their number sharply
rises in tumors compared to both unaffected mucosa and healthy controls (the axis is in
logarithmic scale). Moreover, the number is higher in the unaffected mucosa of patients with
CRC than in healthy patients which suggests that the tumor is causing an inflammatory stress in
the nearby mucosa. Figure 48 shows that in the scRNA seq dataset the proportion of neutrophils
is much higher in the tumor than in the mucosa, which validates the results obtained from the
flow cytometry. Figure 49 illustrates the abundance of CD45 on the plasma membrane of
neutrophils, which is significantly higher in healthy controls. CD45 is an important positive
regulator for neutrophil effector functions (215). Therefore, this data suggests that this
neutrophil effector function is lost in the tumor.



* k% %%k

* *kkkk
I Il |
L]
1000 1

(®)] [
£
~
12}
© 100+ ®
O

10 |

Healthy Control Mucosa Tumor

Figure 47. Number of neutrophils per mg of tissue in the flow cytometry cohort. Please notice that the y-axis is in logarithmic scale.
Tumor (n=48), unaffected mucosa (n=48), healthy control (n=19).
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Figure 48. Relative abundance of neutrophils in the scRNAseq cohort. Tumor (n=15), unaffected mucosa (n=7).
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Figure 49. Normalized antigenic density (nAgD) of CD45 on the surface of neutrophils in the flow cytometry cohort. Tumor (n=48),
unaffected mucosa (n=48), healthy control (n=19).

The number of eosinophils and their surface abundance of CD45
decrease in colorectal cancer

Eosinophils are pivotal cells in the immunosurveillance of the gastrointestinal tract mucosa (216).
Noteworthy, they play an important anti-tumoral role. They act as effector cells releasing
cytotoxic compounds and extracellular traps that kill tumor cells. Besides, they can also modulate
other immune cells in the TME releasing IL-1, TNF-a,, and IFN-f3 (217,218). Figure 50 shows a
massive reduction in the number of eosinophils of both tumor and unaffected mucosa compared
to the healthy control. Since eosinophils play an antitumoral role, it makes sense that the tumor
finds ways to impair its recruitment and survival. Interestingly, this exclusion of eosinophils
occurs also in the unaffected mucosa of patients with CRC. Unfortunately, it was impossible to
identify an eosinophil cluster in the scRNA seq dataset. This is probably due to a combination of
factors including the low initial number of eosinophils, small sample size, and the loss of
eosinophils during the processing of the sample for the sequencing (eosinophils are very fragile).

Importantly, Figure 51 displays the amount of CD45 in the surface of eosinophils, which shows a
massive decrease in the tumor and unaffected mucosa compared to the healthy controls. The
role of CD45 in eosinophils is very poorly understood. However, it seems to play a role in its



activation by promoting the upregulation of CD11lb and the shedding of CD62L (219).

Nevertheless, the specific role of CD45 in tumor eosinophils needs to be further studied.
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Figure 50. Number of eosinophils per mg of tissue in the flow cytometry cohort. Tumor (n=48), unaffected mucosa (n=48), healthy

control (n=19).
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Figure 51. Normalized antigenic density (nAgD) of CD45 on the surface of eosinophils in the flow cytometry cohort. Tumor (n=48),
unaffected mucosa (n=48), healthy control (n=19).

The number of plasmacytoid dendritic cells increases while their surface
abundance of CD45 decreases in colorectal cancer

Plasmacytoid dendritic cells (pDCs) are widely known to produce type | IFNs in antiviral
responses. However, in the TME, their differentiation to pro-inflammatory and antitumoral
phenotypes is impaired. Then, they differentiate to tumor-supporting phenotypes. They release
IL-10 and TGF-f that contribute to Treg differentiation and immune suppression (220). Figure 52
demonstrate that the number of pDCs is higher in the tumor which is coherent with their pro-
tumoral role previously described. Besides, it seems to be a trend of higher number of pDCs in
the unaffected mucosa than in the healthy control. This is probably not statistically significant
because the number of samples is smaller than in other panels. Accordingly to Figure 53, the
results of the scRNA seq agree with the results of the flow cytometry.

Noteworthy, Figure 54 highlights that pDCs have significantly more CD45 on their plasma
membrane in healthy controls than in the tumor or the unaffected mucosa. Previous reports on
dendritic cells showed that CD45 modulate TLR-signaling through the interaction with MyD88
and TRIF to enhance the production of pro-inflammatory cytokines (221). Therefore, since the
tumor impairs the polarization towards pro-inflammatory phenotypes in pDCs (220) it seems
reasonable to observe higher levels of CD45 in the healthy controls.
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Figure 52. Number of plasmacytoid dendritic cells per mg of tissue in the flow cytometry cohort. Tumor (n=28), unaffected mucosa
(n=28), healthy control (n=16).
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Figure 53. Relative abundance of plasmacitoid dendritic cells in the scRNA seq cohort. Tumor (n=15), unaffected mucosa (n=7).
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Figure 54. Normalized antigenic density (nAgD) of CD45 on the surface of plasmacitoid dendritic cells in the flow cytometry cohort.
Tumor (n=28), unaffected mucosa (n=28), healthy control (n=16).
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The number of conventional dendritic cells increases while their surface
abundance of CD45 decreases in colorectal cancer

Conventional dendritic cells (cDCs) play an important role in colonic mucosa by regulating
inflammatory responses independently from T lymphocytes. Depending on the mechanism of
activation, they can trigger a strong inflammatory process or its resolution (222). Furthermore,
they are the most efficient antigen presenting cells and can perform cross-presentation. Due to
their interaction with T lymphocytes, they can influence T lymphocyte activation, differentiation,
and proliferation (223). Thus, making them critical players in the tumor microenvironment. Figure
55 shows that the number of ¢DCs is significantly higher in the tumor. Accordingly, a similar trend
is observed in the scRNA seq data (Figure 56).

CDA45 is essential for dendritic cells to produce pro-inflammatory cytokines (224,225). Figure 57
shows that the amount of CD45 on the surface of cDCs is significantly higher in healthy controls
than in the tumor or the unaffected mucosa. Overall, this result and the previous one indicate
that although the number of cDCs is higher in the tumor, they are not activated to fight the tumor.
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Figure 55. Number of conventional dendritic cells per mg of tissue in the flow cytometry cohort. Tumor (n=28), unaffected mucosa
(n=28), healthy control (n=16).
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Figure 56. Relative abundance of conventional dendritic cells in the scRNA seq cohort. Tumor (n=15), unaffected mucosa (n=7).
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Figure 57. Normalized antigenic density (nAgD) of CD45 on the surface of conventional dendritic cells in the flow cytometry cohort.
Tumor (n=28), unaffected mucosa (n=28), healthy control (n=16).

The number of mast cells increases in colorectal cancer while
downregulating CD44, CD117, and CD200 but keeping stable CD45,
CD203c, and FceRl

Mast cells are important in the management of the extracellular matrix. However, their role in
CRC is still controversial. On the one hand, they promote extracellular matrix deposition through
the release of tryptase and angiogenesis through VEGF (226). On the other hand, they trigger
endoplasmic reticulum stress and the unfolded protein response selectively in CRC cells which
suppresses CRC development in vivo (227). Besides, mast cells also contribute to innate immune
responses (228). Interestingly, some authors found the number of mast cells as a positive
prognostic marker (227,229) while others found them as negative prognostic markers (230,231).
Figure 58 illustrates that the number of mast cells increases in the tumor, and this is corroborated
by the scRNA seq data (Figure 59).

Unlike in the other cells analyzed, CD45 has a broader role in mast cells, and it is not restricted
to the activation of a pro-inflammatory or effector phenotype. Unfortunately, there are very few
studies about the role of CD45 in mast cells. CD45 oversees the fine-tuning of mast cells
responses, for example after FceRl activation (232). Additionally, it is important in the response
to stem cell factor and IL-3 which are critical for their proliferation and survival (233). In fact, the



surface abundance of CD45 increases in mastocytosis, which further supports its role in mast cell
proliferation and survival (234). Figure 60 shows that there are no significant differences in the
abundance of CD45 on the surface of mast cells in the tumor, unaffected mucosa, or healthy
controls. As mentioned before, this is probably because CD45 plays a more general role in mast
cells than in the other cells studied and thus it is important for both pro and anti-tumoral
responses.

FceRl is the high affinity receptor for IgE. It is frequently employed for the identification of mast
cells, and it also triggers mast cells degranulation in allergic reactions (235). Figure 61 indicates
that there are no changes in the surface abundance of FceRI between tumor, unaffected mucosa,
and healthy controls. This was expected since IgE-FceRlI activation is not a relevant mechanism in
CRC.

CD203c is a protein found in the membrane of the granules. During the degranulation, the fusion
of the granule membrane with the plasma membrane releases the granule content to the
extracellular space. Therefore, the CD203c of the granule membrane is now in the plasma
membrane and it can be used to estimate mast cell degranulation (236,237). Figure 62 shows
that there is no difference in the surface abundance of CD203c among tumor, unaffected mucosa,
and healthy controls. This indicates that there are no differences in the degranulation rate. Since
mast cells play important roles both in normal mucosa and the tumor, probably the difference is
in the content of the granules.

CD117 is the receptor of stem cell factor, being critical protein for mast cell differentiation.
Besides, in fully differentiated mast cells it promotes their survival, collaborates with other
receptors to enhance their signaling, and can increase the upregulation of certain cytokines
(238,239). Figure 63 indicates that the abundance of CD117 on the surface of mast cells
decreases in the tumor, which may suggest a reduced survival. However, Figure 58 demonstrates
that the number of mast cells increases in the tumor. This apparent contradiction has 3 possible
explanations. Firstly, CRC tumors are enriched in IL-10 (240), which downregulates CD117
expression (238). In this case, other pathways like the IL-3 signaling pathway could provide the
pro-survival signals (239). Interestingly, IL-10 enhances IL-3 signaling in mast cells (239). Secondly,
since CD117 is quickly internalized after the binding of the stem cell factor (238), the excess of
stem cell factor in the TME may be reducing the CD117 available on the membrane of mast cells
while increasing its activity. Noteworthy, the serum levels of IL-3 and stem cell factor are
increased in CRC patients (241), and then these two mechanisms could be running in parallel.
Finally, the last possibility is a high turnover rate of mast cells in the tumor. However, since mast
cell progenitors are very infrequent in peripheral blood (242) and they were not found in this
study, this possibility is remote.

CD123 is the o chain of the IL-3 receptor, being this a molecule usually overexpressed in
hematologic tumors (243). In mast cells, IL-3 provides strong pro-survival signals (244). Besides,
it also contributes to mast cell differentiation although it is unclear if it requires the synergistic
action of the stem cell factor (244). Figure 64 shows a trend in which CD123 seems to increase in



the tumor. Unfortunately, the results are not statistically significant. However, it should be taken
into account that CD123 was analyzed in considerably less patients than all the other markers.

CD44 is the receptor for hyaluronic acid, although it can also bind collagen and metalloproteases
(245). Its biology is very complex, and it changes in different cell types. In mast cells, in normal
conditions it binds high molecular weight hyaluronic acid keeping the mast cell attached to the
extracellular matrix (246). When there is matrix deposition, the high molecular weight hyaluronic
acid is broken down to low molecular weight units. Then, the CD44 of mast cells binds this low
molecular weight hyaluronic acid molecules and they are endocytosed (246). This allows the
quick and efficient removal of low molecular weight hyaluronic acid. If the low molecular weight
hyaluronic acid is not removed, it activates other immune cells triggering a strong Th1 response
(246). Figure 65 displays the abundance of CD44 on the surface of mast cells, which is higher in
the healthy control, then in the unaffected mucosa, and finally the lowest levels occur in the
tumor. Since matrix deposition is a very common event in the TME (247), it seems that most of
CD44 is endocytosed with low molecular weight hyaluronic acid.

CD200 is a controversial immunomodulatory molecule that has attracted great interest in recent
times. It was initially described as an immune checkpoint that inhibits myeloid cells and T
lymphocytes (248). Besides, since many tumors are CD200*, the blocking of the CD200-CD200R
axis is currently under testing in clinical trials (248). However, other authors have seen that the
blockade of the CD200-CD200R axis dramatically enhances the expansion of macrophages and
MDSCs, thus leading to tumor progression (249). Additionally, the CD200-CD200R axis seems to
be important for dendritic cells to phagocytose dead cancer cells and promote an antitumoral
response (249). It looks like the outcome of the CD200-CD200R axis strongly depends on TME
interactions and more research is needed to completely understand its function. Interestingly,
the abundance of CD200 on the surface of mast cells decreases in the tumor (Figure 66). Although
the role of CD200 on mast cells is currently unknown, it may be possible that the reduction of
surface CD200 on the surface of mast cells could contribute to the proliferation of macrophages
and MDSCs. Maybe, the mast cell is more polarized towards its non-immunological functions due
to the huge extracellular matrix remodeling. Finally, other authors have seen that the
ectodomain of CD200 can be shedded by metalloproteases and activate CD200R in distant cells
in a paracrine manner (250). Anyway, the fact that such significant p-values were obtained with
a very low sample size indicates that this may be an interesting topic to pursue.
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Figure 58. Number of mast cells per mg of tissue in the flow cytometry cohort. Tumor (n=54), unaffected mucosa (n=54), healthy

control (n=20).
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Figure 59. Relative abundance of mast cells in the scRNA seq cohort. Tumor (n=15), unaffected mucosa (n=7).
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Figure 60. Normalized antigenic density (nAgD) of CD45 on the surface of mast cells in the flow cytometry cohort. Tumor (n=54),
unaffected mucosa (n=54), healthy control (n=20).
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Figure 61. Normalized antigenic density (nAgD) of FceRI on the surface of mast cells in the flow cytometry cohort. Tumor (n=44),
unaffected mucosa (n=44), healthy control (n=19).
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Figure 62. Normalized antigenic density (nAgD) of CD203c on the surface of mast cells in the flow cytometry cohort. Tumor (n=44),

unaffected mucosa (n=44), healthy control (n=18).
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Figure 63. Normalized antigenic density (nAgD) of CD117 on the surface of mast cells in the flow cytometry cohort. Tumor (n=54),
unaffected mucosa (n=54), healthy control (n=20).
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Figure 64. Normalized antigenic density (nAgD) of CD123 on the surface of mast cells in the flow cytometry cohort. Tumor (n=12),
unaffected mucosa (n=12), healthy control (n=10).
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Figure 65. Normalized antigenic density (nAgD) of CD44 on the surface of mast cells in the flow cytometry cohort. Tumor (n=22),
unaffected mucosa (n=22), healthy control (n=10).
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Figure 66. Normalized antigenic density (nAgD) of CD200 on the surface of mast cells in the flow cytometry cohort. Tumor (n=22),
unaffected mucosa (n=22), healthy control (n=10).



Discussion

Traditionally, the composition of the TME has been studied through histological techniques.
However, this technique provides a limited amount of cellular information since each slide only
includes hundreds of cells and a few markers (251). Besides, the quantification is difficult
sometimes and involves some degree of subjectivity from the pathologist which may lead to
reproducibility problems. On the other hand, flow cytometry is a powerful tool that allows for
the analysis of thousands of individual cells in a short amount of time (251). Besides, you can use
more markers than in histological techniques, which allows the identification of more cell types
in the same experiment or a better accuracy in cell type identification (251). This technique
provides a more comprehensive understanding of the cellular composition of the tumor
microenvironment and allows for quantitative analysis with greater accuracy and reproducibility.
In the past, some results that seemed to be very straightforward using histological techniques
were found completely wrong when analyzed through flow cytometry (252). Therefore, flow
cytometry has emerged as a valuable approach to validate the findings obtained through
traditional histological techniques. Nevertheless, performing high-quality flow cytometry
requires preparing a good cell suspension (251). This is not a problem with blood samples but
could be very challenging with solid tissues. In the beginning of this project, the sample digestion
was performed just with collagenase, but the suspensions obtained had poor-quality. The
problem was the high amount of glycosaminoglycans in the extracellular matrix, and it was solved
by adding hyaluronidase, chondroitinase and heparinase to the digestion mix. This was critical
since there was considerable variability in the amount of glycosaminoglycans between patients
as well as between unaffected mucosa and tumor within the same patient. After this addition to
the initial protocol, the suspensions obtained had high-quality and allowed us to perform precise
guantifications.

In the scRNA seq data we observed that the number of pDCs and cDCs follows the same trend
than in the flow cytometry data, but the differences are not statistically significant. This problem
is probably is due to the reduced sample size of the scRNA seq cohort compared to the flow
cytometry cohort. Thus, if the sample size is increased in the scRNA seq cohort, the results will
probably become significant. Similarly, the abundance of CD123 on the surface of mast cells
shows a clear trend but it is not statistically significant. Here, the sample size was by far the
smallest of all the markers tested. In both cases, the data did not fit the criteria for the use of
parametric tests. Therefore, the analysis was performed using non-parametric tests, which are
more robust but with them it is more difficult to reject the null hypothesis.

The present study indicates immunological alterations in the mucosa near colorectal cancer (CRC)
compared to healthy controls. However, these alterations are less significant than those
observed in the tumor. The unaffected mucosa of CRC patients showed significantly higher levels
of neutrophils and lower levels of eosinophils compared to healthy controls. Interestingly, while
eosinophils dominate in healthy mucosa, they are replaced by neutrophils in the TME. This



observation suggests a potential role for neutrophils in tumor growth and a potential role for
eosinophils in tumor surveillance.

The role of neutrophils in colorectal cancer

Colon inflammation is required for tumor initiation in CRC. However, the specific mechanisms
that determine if this colonic inflammation will progress to CRC or not are not completely
understood. To shed light on this topic, researchers are studying how patients with inflammatory
bowel disease (IBD) are at a higher risk for developing CRC compared to the general population
(253). IBD includes a heterogeneous group of diseases characterized by chronic inflammation of
the mucosa of the digestive system that affects mainly the colon (253). This inflammation recruits
a large number of neutrophils that are pivotal for the maintenance of the inflammatory
environment and the progression to CRC (254). Inhibition of FOX0O3 in neutrophils induces
metabolic changes and low-grade inflammation, resulting in increased tumor growth and
invasion (255). Besides, neutrophils release neutrophil-activated serine proteases (NSPs) that
cleave insulin-like growth factor-binding protein 3 (IGFBP-3), thereby inhibiting its signal
transduction. This cleavage of IGFBP-3 contributes to the progression of IBD to colon cancer.
Noteworthy, pharmacological inhibition of NSPs reduces inflammation and tumorigenesis (256).
In short, neutrophils are essential for the transition from an inflamed microenvironment to a
tumoral microenvironment. Although only a small fraction of CRCs come from IBD patients, since
inflammation is a hallmark of cancer (257) it is reasonable to think that neutrophils will be
important players in this inflammation-tumor transition in sporadic CRC too.

When CRC is established, tumor cells with stem cell-like properties release tumor RNA-laden
exosomes that arrive in the bone marrow, where they promote neutrophil survival and prime
them to become tumor-promoting cells. These primed neutrophils are then recruited to the
tumor microenvironment thereby promoting tumor growth (258).

The interaction between neutrophils and CRC evolves as the tumor progress. In the early stages,
neutrophils release miR-155, which downregulates RAD51 in tumor cells and impairs homologous
recombination. Thus, preventing loss of heterozygosity and attenuating tumor growth (259).
However, in advanced stages, neutrophils release miR-23a, which downregulates Lamin Bl
promoting replicative stress and accumulation of double-strand breaks. This leads to non-
homologous end joining (NHEJ), which allows tumor survival and progression (259).

Neutrophil plasticity in the tumor environment is regulated by interferon- and transforming
growth factor (TGF)-B signaling. The former promotes anti-tumoral inflammation and cytotoxicity
while the latter causes immunosuppression and tumor growth (260).

Tumor-associated neutrophils (TANs) cytotoxicity against tumor cells is mainly due to the
generation of reactive oxygen species (ROS) such as superoxide and hydrogen peroxide. ROS-
induced cell killing depends on tumor cell expression of TRPM2, an H202-dependent Ca2



channel, resulting in a lethal calcium influx (261). In addition, TAN can inhibit metastatic seeding
in the lungs by producing hydrogen peroxide. Neutrophils also release reactive nitrogen species
(RNS), such as nitric oxide and peroxynitrite, which can cause cancer cell death (261).
Nevertheless, since CRC displays an increased expression of TGF-B compared to normal mucosa,
the immunosuppressive phenotype predominates (260).

Immunosuppressive TANs release enzymes such as myeloperoxidase (MPO), neutrophil elastase
(NE), and matrix metalloproteinase (MMP) to remodel the extracellular matrix, stimulate
angiogenesis, and promote cancer migration and invasion (261). Importantly, TGF-B inhibition
increased TAN cytotoxicity, reduced metastatic chemoattractant secretion, promoted apoptosis
in CRC cells, and inhibited tumor cell migration (260). This effect was partly due to the inhibition
of PI3K/AKT signaling in TAN and partly to the inhibition of TGF-B/Smad signaling in tumor cells
(260). Noteworthy, neutrophil depletion reduces the effect of anti-TGF-B therapy (260).
Activation of NOTCH1 signaling in murine intestinal epithelium induces highly invasive metastasis
in a KrasG12D-driven serrated carcinoma model. The tumor microenvironment generated by
epithelial NOTCH1 signaling promotes metastasis through TGFB-dependent neutrophil
recruitment. Inhibition of neutrophil recruitment by therapeutic agents prevents metastasis
(262).

Moreover, TANs can also act as immunomodulators. Interestingly, TANs are the most potent
inhibitors of T-cell activity in CRC. This is achieved through neutrophil-secreted
metalloproteinases which activate latent TGF-B and suppress T cells. In vitro studies with
neutrophils from patients with CRC confirmed their ability to suppress T cells using TGF-B, and a
gene expression data set showed that CRCs with combined neutrophil infiltration and TGF-B
activation had the lowest T cell activity (263). Therefore, immunosuppressive TANs and TGF-3
establish a feed-forward loop in which the vast majority of TANs become immunosuppressive
and the amount of TGF-f available in the TME increases.

Neutrophil extracellular traps (NETs) are networks composed of nuclear DNA-derived structures
and neutrophil-derived proteins that are thrown outside of the neutrophil to trap other cells. In
the beginning, it was thought that NETs were only used to trap microbes, but later it was seen
that they can trap bigger cells too (264). Citrullinated NETs in CRC were significantly associated
with high histopathological tumor grade and lymph node metastasis (265). Purified NETs induce
an epithelial-mesenchymal transition (EMT)-like process in CRC cells (265). Moreover, NETs trap
tumor cells in the liver and lung, increasing adhesion and metastasis (266,267). The NET-
associated carcinoembryonic antigen cell adhesion molecule 1 (CEACAM1) plays a critical role in
this interaction. Blocking or knocking down CEACAM1 reduces adhesion, migration, and
metastasis of colon cancer cells (266).

Overall, these studies demonstrate the significant role that neutrophils play in colorectal cancer
and underscore the complex and intimate relationship between neutrophils and TME. Although
it is clear that neutrophils switch from an anti-tumoral to a pro-tumoral phenotype in CRC the
mechanism is not completely understood. In the present study it is described that the increased
number of neutrophils in CRC compared to healthy mucosa is coupled with a decrease in the



surface abundance of CD45. As it will be discussed later, CD45 controls immune phenotype
through a complex network of interactions with other membrane receptors and signal
transducers. Therefore, the reduction of CD45 on the surface of neutrophils necessarily imply an
important change in their regulatory network that may contribute to this switch from anti-
tumoral to pro-tumoral phenotype. To the best of our knowledge, this is the first study to
examine the differences in surface expression of CD45 on neutrophils between CRC and mucosa.

The role of eosinophils in colorectal cancer

The gastrointestinal tract is the main homing location for eosinophils. Therefore, they are quite
abundant in colonic mucosa under normal circumstances (216). In the early stages of CRC, the
pro-inflammatory milieu of the TME includes eotaxins (CCL11, CCL24, and CCL26) and ELR* CXC
chemokines (268-270), leading to increased recruitment and survival of eosinophils compared
to normal mucosa (271,272). This is increased after dying tumor cells release the high mobility
group box 1 protein (HMGB1) and IL-33 (273,274).

In the TME, hypoxic conditions promote the upregulation of ICAM-1 in tumor cells (275). Besides,
stress epithelial cells release IL-18, which promotes the upregulation of ICAM-1 in tumor cells
(276,277). The presence of IL-18, IL-33, and HMGB1 activates eosinophils. Then, they bind ICAM-
1 on tumor cells through LFA-1 and ITGAM, and secrete TNF-a, granzyme A, ROS, nitric oxide,
and eosinophil extracellular traps (EETs) to kill tumor cells (277-280). Interestingly, 1L-18 KO
murine models display higher CRC frequency and aggressiveness and IL-33 KO models show
impaired eosinophil cytotoxicity against CRC (281-283).

The effector function of eosinophils is carried out by EETs and granule release. Contrary to NETSs,
EETs are made of mitochondrial DNA instead of nuclear DNA and have a predominantly anti-
tumoral role. Moreover, EETs are decorated with major basic protein (MBP) and eosinophil
cationic protein (ECP), which have strong cytotoxic activity (284,285). Importantly, since EETs are
made of mitochondrial DNA and not nuclear DNA, their release does not necessarily lead to
eosinophil death, and they can be used several times (286). In addition to EETs, eosinophils
release granules with cytotoxic compounds including MBP, ECP, eosinophil peroxidase (EPO),
eosinophil-derived neurotoxin (EDN), and granzyme A. MBP and ECP have a high pl and generate
cell membrane disruption, chromatin condensation, ROS synthesis, activation of caspase-3, and
cell death. EPO causes oxidative stress and lipid oxidation in target cells. Finally, EDN and
granzyme A degrade RNA and proteins involved in DNA repair (287).

In addition to their effector function, eosinophils can also modulate other immune cells in the
tumor microenvironment. During stress or inflammation, different cells secrete GM-CSF, which
activates IRF5 in eosinophils. Such induces the release of pro-inflammatory cytokines (IL-1a., IL-
1B, and TNF-a) and chemokines (CCL4, CCL5, CXCL9, and CXCL10) that recruit and activate CD8*
T lymphocytes (217,218). Besides, eosinophils recruit neutrophils through CXCL1 and CXCL8, and
polarize macrophages to M1 phenotypes (288-290).



Eosinophils also play a role in angiogenesis in the TME. In CRC, different cell types produce an
excessive amount of pro-angiogenic factors. This unbalance produces abnormal vessels that
cause reduced perfusion, acidosis, and hypoxia, and inhibit the recruitment of effector leukocytes
(291). Noteworthy, in murine models the administration of eosinophils normalized the vessels in
the TME and increase the number of M1 macrophages and CD8* T lymphocytes promoting tumor
rejection (218).

As CRC progresses, it reduces the secretion of eotaxins, which impairs the recruitment of
eosinophils (292). Moreover, this is coupled with an increase of IL-10 in the TME that inhibits IRF5
signaling in eosinophils, blocking the production of pro-inflammatory cytokines and chemokines
and their contribution to anti-tumoral immunity (217,218,293). Besides, the upregulation of Fas-
L in CRC activates Fas in the membrane of eosinophils triggering their apoptosis. This contributes
to more abnormal angiogenesis and further hypoxia, acidosis, and immunosuppression
(294,295).

In summary, eosinophils act as effector cells in tumor tissues by releasing cytotoxic molecules
and exerting their anti-tumor effects through mechanisms such as oxidative burst, cytokine
secretion, and modulation of immune cell recruitment and activation. This multifaceted role of
eosinophils in the tumor microenvironment highlights their potential as therapeutic targets for
enhancing anti-tumor immunity and normalizing tumor vasculature to improve the efficacy of
cancer treatments. However, further research is needed to fully elucidate all the anti-tumoral
mechanisms in which eosinophils take part.

The present study shows a decrease on both eosinophil number and CD45 abundance on
eosinophil surface. From both results, the decrease in number seems much more relevant.
However, its interesting that despite following different population dynamics than neutrophils,
pDCs, and cDCs, eosinophils share with all of them the decrease in CD45.

Both eosinophils and neutrophils are generally recruited to inflammatory microenvironments. In
CRC, as the tumor progresses it modifies the inflammation of the microenvironment from
immunostimulatory or anti-tumoral to immunosuppressive or pro-tumoral. In this switch, the
innate immune cells are polarized to this immunosuppressive phenotype, except eosinophils,
which are excluded from the TME. Eosinophils can acquire immunosuppressive features in other
contexts (296,297), so there is no clear reason for this exclusion. Remarkably, this study shows
that this exclusion occurs also in the nearby unaffected mucosa. Accordingly, the number of
eosinophils in the peritumoral mucosa is a favorable prognostic factor (298).

The role of dendritic cells in colorectal cancer

Dendritic cells have been extensively studied in solid tumors. However, despite their different
roles, the distinction between pDCs and cDCs is not routinely performed. Interestingly, unlike
tolerant cDCs, immunosuppressive pDCs do not necessarily have an immature phenotype (299).



In the present study, the number of cDCs doubles the number of pDCs. Therefore, the papers
that report the presence of dendritic cells without specifying the subtype may be biased toward
cDCs.

The function of pDCs has been extensively studied in viral infections and autoimmune diseases,
but their role in TME has been overlooked. In CRC, pDCs have been poorly studied and their role
remains controversial. Several reports have shown that pDCs are a favorable prognostic marker
(300) and that their loss accelerates the transition from colitis to CRC through the recruitment of
MDSCs (301). In contrast, other authors found that pDCs were severely compromised in their
anti-tumoral and pro-inflammatory capability due to TLR7 tolerance (302). Besides, the depletion
of pDCs significantly improved the response to vaccines against CRC antigens (303). In the present
study, it was observed that in pDCs there is a decrease in the amount of surface CD45 in
unaffected mucosa and tumor compared to healthy controls, suggesting an impaired ability to
mount effective antitumor and proinflammatory responses. The beneficial effect in preventing
the progression from colitis to colon cancer may be explained by a mechanism similar to that of
neutrophils. The role of pDCs in CRC may be anti-tumoral or pro-tumoral, depending on the TME.
At early stages, an antitumor phenotype predominates, explaining how pDCs prevent the
transition from colitis to colon cancer. However, as the tumor progresses, it creates a feed-
forward loop that polarizes pDCs to an immunosuppressive phenotype. Therefore, the role of
pDCs in colorectal cancer remains complex and context-dependent, with potential implications
for both tumor progression and therapeutic interventions.

The analysis of other solid tumors in humans and mice has shown that tumor-infiltrating pDCs
primarily support the immunosuppressive environment of the TME (304). TGF-B has been
identified as a key cytokine that inhibits IFN-a production in tumor-associated pDCs (305).
Likewise, IL-3 stimulation contributes to enhancing the immunosuppressive phenotype of pDCs
(306). This phenotype includes enhancing angiogenesis and suppressing T lymphocyte
proliferation through upregulation of immune checkpoints (299). In addition, pDCs in the TME
induce apoptosis of innate lymphoid cells group 3 (ILC3), which play an important anti-tumoral
role in the TME (307).

In melanoma, pDCs express OX-40L and ICOSL promoting futile inflammation and differentiation
of T lymphocytes into Th2 and Tregs (308). Besides, in lymph nodes and skin metastasis, there is
a significant infiltration of a LAG3* subset of pDCs. This LAG3 induces a pDC activation that
downregulates IFN-a production but promotes IL-6 secretion, suggesting that this alternative
activation pathway plays an important role in establishing an immunosuppressive
microenvironment (309).

In breast cancer, pDCs promote Th2 and Treg differentiation (310). Noteworthy, pDC depletion
in glioma and breast cancer has been shown to reduce tumor burden, metastasis, and infiltration
of Tregs in mouse models (311,312). Moreover, pDCs in ovarian cancer TME release IL-8, which
is a potent chemoattractant and activator of neutrophils (313). Overall, despite the controversy
surrounding the role of pDCS in CRC, there is accumulating evidence suggesting that pDCs in solid
tumors exhibit an immunosuppressive phenotype and contribute to tumor progression.



From all professional antigen-presenting cells, cDCs are the most efficient and potent when
interacting with T lymphocytes. Under normal conditions, when there is no threat, they are not
activated but they present innocuous antigens to T cells. Such includes auto-antigens and
harmless environmental antigens (like those derived from the microbiota) (314,315).
Importantly, in this presentation process, cDCs do not upregulate co-stimulatory molecules (like
CD80 and CD86). Thus, if a T cell recognizes the antigens presented by these cDCs, it will receive
a "do not activate" signal and become unresponsive or even tolerogenic. This process is critical
to establish peripheral tolerance (314,315).

On the other hand, if cDCs encounter stress or danger signals (PAMPs or DAMPs), they activate
TLR signaling pathways and undergo maturation. This results in the upregulation of co-
stimulatory molecules and the secretion of pro-inflammatory cytokines. Thus, if the T lymphocyte
recognizes an antigen in this context, it would be activated and can initiate an immune response
against that antigen (314,315). As it will be discussed below, CD45 is an important modulator of
TLR-mediated signaling transduction, which suggests that the CD45 decrease in the surface of
cDCs may be a relevant mechanism to evade cDC function.

Importantly, while other immune cells rely on T-lymphocyte-derived cytokines to induce immune
responses or tolerance, cDCs have the unique ability to directly sense the presence or absence
of threats and initiate either immune responses (both innate and adaptive) or induce tolerance
(316). Noteworthy, cDCs can be further subdivided into c¢cDC1 and cDC2. These two
subpopulations follow different and independent differentiation trajectories and have different
functional phenotypes (316). The main characteristic of cDC1 cells is their high capacity for
antigen cross-presentation (317). This means that they can phagocytose extracellular antigens
and present them to CD8*T lymphocytes through MHC class | (318). This process is crucial for an
effective immune response since it bridges cellular and humoral immune responses and allows
both responses to work synergistically against the same antigens (318). Besides, cDC1 cells also
secrete IL-12 (317), which enhances Th1l and NK responses while antagonizing Th2 responses
(319). Moreover, cDC1 cells also secrete type-lll interferons (317), which strongly polarize CD4*
T-lymphocytes to the Thl phenotype (320). Noteworthy, cDC1 cells play a central role in the
amplitude and effectiveness of immune responses, which makes them great candidates for
immunotherapy (321).

Regarding cDC2 cells, these cells activate CD4* T lymphocytes. They have a huge arsenal of
pattern recognition receptors and depending on the microenvironment they can efficiently
activate Thl, Th2, Th17, Th22, and follicular Th lymphocytes (317). Therefore, they can modulate
a wide range of immune responses. Importantly, cDC2 includes a highly heterogeneous group of
cells that need to be further characterized (322). In solid tumors, cDC2 cells have dual roles. They
can contribute to antitumoral responses activating Thl, effector Th, and follicular Th
lymphocytes. However, they have been poorly studied in the context of tumor immunity
compared to cDC1 cells (322). These cDC2 cells can also have pro-tumoral functions. In addition
to the activation of Th2 cells, cDC2 cells can further differentiate into regulatory cDCs (DCregs).
DCregs suppress effector T lymphocytes to promote a robust antigen-specific tolerance and
boost Treg differentiation (323). Nevertheless, this field is very new and much more research is



needed to completely understand the role of cDC2 cells in general and DCregs in particular in the
TME.

Noteworthy, the tumor needs to modulate c¢DCs to tolerogenic phenotypes to escape immune
surveillance and promote tumor growth (324). This process is complex and involves multiple
mechanisms. Although many authors describe tolerogenic cDCs as a single phenotype, recent
research suggests that there are at least two phenotypes (immature or immunosuppressive
cDCS) (325). Immature cDCs are present in many tissues under normal conditions and are in
charge of maintaining tolerance to harmless antigens. To perform their function, they suppress
the activation of effector T cells and promote the expansion of regulatory T cells. Importantly, if
they sense 'threat' signals they maturate and promote immune activation instead (325).

Immunosuppressive ¢DCs, also known as semi-mature cDCs, are not present under normal
conditions. They arise in inflammatory microenvironments from alternative activation of
immature cDCs and their main function is to limit inflammation (326). They are more efficient in
promoting T-lymphocyte anergy and Treg expansion than immature cDCs and also release IL-10
to polarize other immune cells in the microenvironment to an immunosuppressive phenotype
(325). Besides, TGF-B and IL-10 enhance the immunosuppressive differentiation of immature
cDCs (327). Therefore, the activation of immunosuppressive cDCs generates a feed-forward loop
to differentiate immature cDCs into immunosuppressive phenotypes and this loop is enhanced
as the tumor progresses due to the accumulation of TGF-B and IL-10 in the TME (328).
Importantly, immunosuppressive ¢cDCs cannot maturate to immune-stimulating phenotypes
even in the presence of death cells or other 'threat' signals (329,330).

Tumor cells can interact directly with cDCs through Wnt ligands and exosomes. Wnt ligands
reprogram cDCs to immunosuppressive phenotypes, including the upregulation of TGF- and IL-
10, as well as promoting the differentiation and proliferation of Tregs (328). Tumor cells can also
release exosomes that can increase the upregulation of IL-6 and metalloproteases in cDCs (328).
Besides, the tumor can indirectly modulate cDCs by promoting the release of pro-inflammatory
mediators, TGF-B, IL-10 and VEGF by other cells in the TME (324,328).

The chronic low-grade pro-inflammatory milieu of the TME causes hyperactivation of STAT3 in
cDCs, which prevents their maturation and makes them more responsive to IL-10 and TGF-
(324). Besides, the VEGF released by other cells to promote angiogenesis activates STAT3 and
inhibits NF-kB in cDCs, further contributing to their immunosuppressive phenotype (324).
Interestingly, STAT3 is negatively regulated by CD45 (331) and the present study shows that there
is a decrease in the amount of CD45 present on the surface of cDCs in the tumor
microenvironment, which could contribute to the sustained activation of STAT3 and ultimately
the development of immunosuppressive cDCs.

Unfortunately, it is unknown if there are changes in the dynamics of immature and
immunosuppressive cDCs in the TME, as well as their specific mechanisms of interaction with
tumor cells and other immune cells. It may be possible that tolerogenic immature cDCs
predominate in early stages of the tumor development and gradually transition to



immunosuppressive cDCs as the tumor progresses. Additionally, it would be interesting to know
if immunosuppressive differentiation can occur in both cDCs subpopulations or just in cDC2 cells.
Therefore, further research is needed to elucidate the precise molecular and cellular factors that
drive the generation and expansion of immunosuppressive cDC subsets in the TME and their
interaction with tumor cells and other immune cells.

In CRC, cDC1 cells play a strong anti-tumoral role. In pre-malignant lesions, they prevent the
transition from dysplasia to invasive carcinoma by promoting immune surveillance and
elimination of neoplastic cells (332). In their absence, tumors progress more rapidly and exhibit
reduced infiltration of effector CD8* T cells, leading to immune evasion (332). Interestingly, cDC1
cells utilize CLEC9A as a means of identifying and engulfing deceased tumor cells in a process
known as efferocytosis (333). After that, they cross-present those antigens to CD8* lymphocytes
to promote an antitumoral response and secrete CCL5 to recruit more cDC1 cells. In the presence
of FIt3L, this process is enhanced, delaying tumor growth. However, the effect of FIt3L is lost if
CLECO9A is KO (333). Besides, the detection of mitochondrial DNA from tumor cells by cDC1 cells
triggers the production of type | interferons and enhances cross-presentation, leading to the
recruitment and activation of CD8* T lymphocytes in the TME (334). Therefore, CRC tumors block
this mitochondrial DNA sensing pathway in cDC1 cells although the mechanism is not completely
understood (334). Unfortunately, most of the papers studying cDCs in CRC do not differentiate
between ¢DC1 and ¢DC2 cells, which limits our understanding of their specific roles in immune
responses.

CRC takes advantage of cDCs' plasticity. It secretes Wnt5a, which triggers the epigenetic
inhibition of FOXM1 on cDCs blocking their maturation (335). Since these immature cDCs
promote tolerance (314,315), the tumor uses this mechanism to evade immune control. Besides,
the immunosuppressive polarization of cDCs also contributes to tumor progression through the
release of CXCL1 (336). This CXCL1 enhance stemness features in tumor cells and increase their
metastatic potential (336).

In the present study, the number of cDCs increased in the tumor compared to unaffected mucosa
and healthy controls. However, since the size of the biopsies was small and cDCs are not very
abundant, it was not feasible to subdivide the population of cDCs. Nevertheless, understanding
the role of ¢cDCs in the TME and their effect on different populations of T cells it is possible to
hypothesize which subpopulation of cDCs may be dominant. Firstly, the number of ¢cDC2 cells is
bigger than the one of cDC1 in the colon under normal conditions (337). Secondly, the evasion
from cDC1 control is essential in CRC for tumor growth (332-334). Thirdly, in the present study,
the increase of CD4* T lymphocytes is bigger than the one of CD8*. Therefore, it may be possible
that the increase is mainly driven by ¢DC2 cells.

Currently, cDC-based immunotherapy is a very promising field in CRC as it capitalizes on the
unique functions and plasticity of cDCs in orchestrating an effective anti-tumoral immune
response. The efforts are now focused on two immunotherapies: TLR-agonists and DC vaccines.
The activation of TLR signaling pathways in cDCs is a signal of 'threat' and triggers the maturation
of cDCs enhancing their antigen presentation capabilities and activating effector T lymphocytes



(338). The use of TLR7 agonists on cDCs in CRC xenograft models has shown promising results in
inducing tumor regression and enhancing anti-tumoral immune responses. This effect was
achieved through a strong effector T lymphocyte activation and Treg suppression (339). These
TLR7 agonists also act on other innate immune cells promoting M1 polarization in macrophages
and MDSC suppression (340). Accordingly, clinical trials are going on to test the efficacy and
safety of TLR7 agonists in CRC (341). Interestingly, CD45 is an important regulator of TLR signaling
in cDCs (221). Notably, in CD45-null mice, cDC1 cells showed impaired maturation and reduced
ability to activate Th1l and NK responses (225). The present study reveals a decrease in the
amount of CD45 available on the surface of cDCs, which could be a new mechanism to evade cDC
control in CRC. This could be used by CRC to become resistant to TLR-agonist immunotherapy
and should be taken into account to improve the effectiveness of this type of approach.

In DC vaccines, DC precursors are harvested from a patient, differentiated to DC, induced to
maturate with stimulatory cytokine and/or TLR agonists, loaded with tumor antigens, and then
reinfused back into the patient (342). This approach had suboptimal results and now there is a
huge effort going on to improve the technology. Nowadays, several trials are going on focusing
on pDC or cDC2 vaccines in CRC (343). Although cDC1 cells seem more interesting for this type of
approach there are some technical difficulties in generating a sufficient number of cDC1 cells for
use in DC vaccines (343). Nevertheless, there is currently one clinical trial in melanoma in which
they directly inject cDC1 cells into the tumor instead of re-infusing them into the patient, and
preliminary results have shown promising efficacy (344). In summary, the use of cDC-based
immunotherapy in CRC is really promising but much more basic research and technique
development is needed to improve the effectiveness of these approaches.

The role of mast cells in colorectal cancer

Mast cells are present in all vascularized tissues close to blood vessels. Together with DCs and
macrophages, they are the sentinel cells of the immune system and one of the first responders
to tissular stress (8). However, their main homing location is the gastrointestinal tract, where
they play a crucial role in the microenvironment both in homeostasis and disease (345). Mast
cells are multifaceted and versatile cells that are never in a 'resting' state. Instead, they are
continuously sampling the microenvironment and modulating their response accordingly like a
rheostat (346). They store different mediators in different granules and depending on the signal
from the microenvironment they selectively release these mediators to modulate the
microenvironment. This process is complex and is not completely understood. However, it is
known that mast cells include a glycoprotein called serglycin in all their granules and the
glycosylation of serglycin changes depending on the granule content (347). This glycoprotein
serves as a sort of "barcode" for the granule contents, allowing mast cells to selectively release
specific mediators based on the context and signals they receive (348). Unfortunately, it is still
unknown which protein acts as the reader of the carbohydrate barcode on serglycin and how the
selection process is regulated.



The function of mast cells is not limited to host defense, and they take part in many physiological
processes to maintain the homeostasis of the gut mucosa. Firstly, mast cells modulate epithelial
activity regulation of water and ion permeability (345), epithelial migration (349), and transport
of antigen-antibody complexes across the intestinal barrier (350). Secondly, mast cells also
localize close to neural networks in the enteric nervous system and are involved in the regulation
of gastrointestinal motility and secretion (351). Enteric neurons regulate the mast cell activation
threshold through the release of substance P (352) and calcitonin gene-related peptide (353),
which can either promote or inhibit mast cell activation depending on the context (352,353).
Conversely, mast cells can also influence the activity of enteric neurons through the release of
various mediators, such as histamine and nerve growth factor to modulate peristalsis (354) and
intestinal nociception (355). Thirdly, mast cells control the endothelial function. In the short term,
mast cells can control blood flow and vascular permeability by releasing vasoactive mediators
such as histamine and serotonin (356). In the long term, mast cells can control the size of the
microvascular network by promoting the proliferation (108) or apoptosis (357) of endothelial
cells. Fourthly, mast cells are master regulators of tissue remodeling including extracellular
matrix deposition, fibrosis, and wound healing (358). They can have a direct role through the
release of metalloproteases, growth factors, and cytokines that modulate collagen synthesis, and
indirectly by promoting fibroblast activity (359). Finally, mast cells also play a crucial role in the
regulation of innate and adaptive immune responses within the gut mucosa.

Mast cells can start the canonical innate pathway via pattern recognition receptor activation
(TLRs, NLRs, RLRs,...) and the release of cytokines, chemokines, and antimicrobial peptides to
initiate an immune response (360). Furthermore, they also have receptors for endogenous
danger signals secreted by stressed or injured cells within the gut mucosa, allowing them to sense
and respond to tissue damage or infection (361). Noteworthy, since they are already present in
the mucosa and they have a huge variety of pre-stored granules that can be rapidly released upon
activation, mast cells are among the first responders in immune surveillance and defense in the
gastrointestinal tract (362). Mast cells also modulate other innate immune cells. They can
promote cDC maturation and migration to lymph nodes secreting prostaglandins, histamine, IL-
16, IL-18, TNF-a, and CCL5 (363) or inhibit it through IL-10 (364). Besides, mast cells establish
synapses with cDC to transfer them internalized mast cell specific antigens for presentationto T
lymphocytes (365). In response to epithelial stress, mast cells release CCL2 and CCL5 (366), which
are potent chemoattractants to recruit monocytes and macrophages (367,368). Moreover, mast
cells enhance their phagocytic capacity (369) and release TNF-a (370) to promote their
polarization toward M1 phenotype (371). Alternatively, mast cells can also promote the
polarization of macrophages toward immunomodulatory phenotypes, such as M2 or regulatory
macrophages, through the release of TGF-$, IL-10 (364), IL-4 and IL-13 (372).

Finally, mast cells also recruit neutrophils through CXCL1, CXCL2 (373), CXCL8, CXCL10 (362) and
TNF-a (370) as well as eosinophils through CCL5, CCL11 (362), IL-5 and MCP-6 (374).

Additionally, mast cells modulate adaptive immune responses. They activate B lymphocytes
through CD40L-CD40 interaction and release IL-4 and IL-13 to promote class switch
recombination to IgE or TGF-B, IL-5, and IL-6 to promote class switch recombination to IgA (375).



Interestingly, colonic mucosa has a population of B regulatory cells (Bregs) that inhibits Th1 and
Th17 responses to prevent chronic colitis and also contributes to IgA secretion to regulate the
microbiota in the gut (376). Mast cells control the differentiation and proliferation of Bregs in the
colonic mucosa. Their absence significantly reduced the number of Bregs in the colonic mucosa
and impairs the resolution of mucosal inflammation (377).

Furthermore, mast cells also establish a bidirectional interaction with T lymphocytes. Mast cells
upregulate MHC class-1l and costimulatory molecules to activate CD4* T lymphocytes. Mast cells
are well known for inducing the activation and proliferation of Th2 lymphocytes through the
release of IL-4 and IL-13 (378). However, they can also promote the activation and proliferation
of Th1, Th17 and y6 T lymphocytes although the mechanism is not completely understood (379).
Besides, mast cells can also modulate the Th1/Th2/Th17 differentiation indirectly by modulating
cDCs (380,381). Mast cells can also activate CD8* T lymphocytes directly by performing antigen
cross-presentation (382) or indirectly by inducing antigen cross-presentation on cDCs (383).
Interestingly, mast cells are as efficient as macrophages in direct antigen cross-presentation, but
they are less efficient than cDCs in this process (382). Moreover, in an excessive pro-
inflammatory microenvironment, mast cells can activate Tregs through the secretion of
amphiregulin (384). This rescues Treg activity even under the suppression of Tregs by effector T
lymphocytes (384).

On the other hand, mast cells can also suppress T lymphocytes, although there is considerably
less information. Mast cells suppress effector T lymphocytes through FasL expression (385), IL-
10 (364), and tryptophan deprivation with tryptophan hydroxylase-1 (386). Besides, mast cells
suppress Tregs via the secretion of IL-6 and the activation of the OX40-OX40L axis (the latter
being expressed in the mast cell) (387). Interestingly, in this OX40-OX40L interaction, Tregs also
suppress mast cells although the mechanism is not clear (388). Finally, mast cells can also
suppress effector T lymphocytes indirectly by activating Tregs and Bregs, and vice versa.

Importantly, this modulation of T lymphocytes by mast cells is also crucial for the progression
from pre-neoplastic lesions to tumor formation. In murine models of hereditary CRC, it was seen
that mast cells inhibit Tregs in the mucosa skewing T cell response toward Th17 (389), which
generates a chronic inflammation and is essential for the development and progression of CRC
(390).

In short, mast cells are crucial for the management of the microenvironment and are
continuously adapting to it. Therefore, when analyzing their role in the TME, it is important to
consider their dual nature as immune cells and TME managers.

In CRC, mast cells can display pro-tumoral or anti-tumoral roles (391). However, the pro-tumoral
functions predominate. This includes mediating angiogenesis, promoting tumor progression and
metastasis, and suppressing anti-tumor immune responses (392).

Tumor cells recruit mast cells through CCL15 and stem cell factor (393). After that, mast cells
promote tumor growth releasing cytokines like IL-6 and IL-8 (393), that contribute to the



inflammatory milieu and neutrophil recruitment (370). Mast cells can also interact with non-
immune cells like fibroblasts. This interaction between mast cells and fibroblasts is poorly
understood in CRC but it is known that mast cells can stimulate fibroblasts to produce
extracellular matrix components through the release of IL-13, TGF-B, and tryptase, leading to
tissue remodeling and potentially facilitating tumor growth and invasion (364,374). Besides,
fibroblasts can secrete CCL12 to recruit mast cells (394).

Therefore, mast cells play a critical role in shaping the tumor microenvironment and influencing
tumor progression. The present study shows that despite the increase in their number, there are
no changes in CD45 and CD203 surface expression. This indicates that signal transduction in mast
cells is active both in the tumor and mucosa and that there are no significant changes in the
granule release. This agrees with the rheostat model for mast cell interactions with the
microenvironment explained before. However, there could be differences in the granule content
and the specific molecules released by mast cells in the tumor microenvironment compared to
the mucosal microenvironment. This would be an interesting subject for further research to
investigate the potential role of mast cell granule content and specific molecules released in the
tumor microenvironment, as it could provide valuable insights into the mechanisms by which
mast cells contribute to tumor growth and progression in colorectal cancer. Besides, the
enigmatic role of CD200 on mast cells and its reduction in the TME compared to the mucosa
suggests that CD200 may play a regulatory role in mast cell function and potentially influence
tumor progression. Which would be another interesting topic for future study.

CD45 downregulation as a new mechanism to evade immune control

CDA45 also known as protein tyrosine phosphatase receptor type C (PTPRC) is a transmembrane
protein expressed in all nucleated cells from the hematopoietic lineage. The intracellular part
contains a protein tyrosine phosphatase domain (D1) and a second domain (D2) that controls the
correct protein folding and substrate attachment (395). The extracellular part includes three
fibronectin type Ill-like repeats, a cysteine-rich domain, and 3 domains known as A, B, and C
(exons 4, 5, and 6 respectively) that undergo alternative splicing giving rise to eight isoforms with
varying characteristics and functions (396). Therefore, CD45 isoforms are named depending on
the ABC domains that they express. For example, CD45RAB express A and B domains but not C,
and CD45RO0 do not express any of the ABC domains. All the extracellular domains of CD45 are
heavily glycosylated and this glycosylation changes depending on the cell type, which increases
its functional diversity and allows for cell-type specific regulation of signal transduction pathways
(397).

In T and B lymphocytes, upon antigen inactivation CD45 removes inhibitory phosphate groups
from receptors like T cell receptor (TCR) and B cell receptor (BCR), amplifying downstream signals
promoting their activation. This step is so critical that the absence of CD45 causes a severe



combined immunodeficiency (SCID), a syndrome characterized by impaired T and B cell function
that is fatal in early childhood if the patient does not receive a bone marrow transplant.

CDA45 acts as a regulator of Src family kinases (135), which control several signaling pathways in
immune cells including those from receptor-mediated signaling, cytokine signaling, and immune
cell proliferation and differentiation (398). This interaction with Src family can be either positive
or negative depending on the residue that is dephosphorylated. Besides, CD45 also modulates
JAK kinases to regulate the activation of STAT proteins, which play a crucial role in cytokine
production, and MyD88 signaling, which is involved in toll-like receptor signaling and innate
immune responses (135). The specific effect on each pathway and the selection of the target
pathway depends on the isoform of CD45 and the specific context of the immune cell. For
example, CD45R0 is more efficient than CD45RA in promoting TCR activation signaling, and
CD45R0 and CD45RB are more efficient in activating STAT3, PKC, and ERK signaling than CD45RA
(399). Noteworthy, in T lymphocytes, CD45RA is the most abundant isoform in the naive subset
while CD45R0 dominates the memory subset (400). This explains why the activation threshold is
lower in memory T cells than in the naive subset (399). Furthermore, CD45RABC, previously
known as B220 antigen, plays an important role in the differentiation of B (401) and T
lymphocytes (402). However, mature T cells express CD45RABC upon activation which enhances
Fas signaling and promotes apoptosis to prevent an excessive response (403). In short, CD45
isoforms impact immune cell behavior by modifying activation thresholds, signal transduction,
cytokine production, adhesion, memory, and interaction (404). Notably, most of the work on
CD45 has been performed on T and B lymphocytes, so there may be other potential mechanisms
in innate immune cells that have yet to be fully elucidated.

Interestingly, CD45 activity can be modulated by extracellular ligands. During pregnancy,
placenta produces Glycodelin-A, also known as progesterone-associated endometrial protein,
which binds to CD45 and inhibits its function. Notably, this inhibition is stronger in CD45RA than
in CD45R0, which prevents the activation of naive T cells against fetal antigens while keeping
memory T cells active to protect against pathogens (135). Importantly, the effect of Glycodelin-
A relies on the alpha 2,6-Sialylation of the glycan chain of CD45 (405). In the absence of this
sialylation, the immunomodulatory effect of Glycodelin-A is impaired (406). During
cytomegalovirus infection, infected cells express pUL11 from the viral genome. This protein
inhibits all CD45 isoforms, leading to impaired T cell activation and immune evasion (135).

Additionally, changes in glycosylation can have a significant impact on CD45 activity. Importantly,
CD45 glycosylation is a dynamic process that highly depends on each cell type. In T lymphocytes,
different glycosylation patterns of CD45 isoforms have been observed during various stages of
cell activation and differentiation (407). These glycosylation changes can affect the recruitment
and localization of CDA45 to lipid rafts, alter its interactions with other molecules, and modulate
its impact on immune cell signaling and activation (408). For example, when there is an addition
of N-acetyl galactosamine residues to the glycan chain of CD45 in T lymphocytes it binds the
galactose type lectin in the surface of macrophages, which decreases T lymphocyte proliferation,
cytokine production, and triggers apoptosis (397). Furthermore, some unidentified changes in
glycosylation of CD45 are recognized by galectin-1 and facilitate its binding to CD45, leading to



decreased T cell signaling and potentially promoting cell death (408). Besides, during aging CD45
sialylation decreases, which reduces the responsiveness CD4* T lymphocytes and contribute to
immunosenescence and increased susceptibility to infections in the elderly (135).

Unfortunately, information about CD45 isoforms and glycosylation in innate immune cells is very
scarce. Peripheral blood and cultured eosinophils express CD45RO and CD45RB, although the
abundance of CD45R0 is considerably higher, but never CD45RA (219,409). However, it is still
unclear if there are two subpopulations or if both isoforms coexist in the same cells. Importantly,
the stimulation of both CD45RO and CD45RB in eosinophils trigger CD11b upregulation and
CD62L shedding, which are the main indicators of eosinophil activation (219). After challenge,
eosinophils from asthmatic individuals showed increased CD45R0O expression compared to
healthy controls, suggesting a potential role of CD45R0 in asthma pathogenesis. Nevertheless,
the functional differences between CD45R0O and CD45RB in eosinophils are still unknown and
require further investigation.

Neutrophils express CD45RB during their differentiation but switch to CD45R0 as they mature
(397). Interestingly, resting mature neutrophils also express CD45RA but it is located primarily in
intracellular compartments, and it is not exposed on the cell surface (410). Upon activation or
inflammatory stimulation, neutrophils translocate CD45RA to the cell surface in a calcium-
calmodulin dependent mechanism (411). In neutrophils the activation of both CD45RO and
CD45RA trigger the upregulation of CD11b, IL-8, TNF-a and increase their phagocytic capacity
(412). CDA5RO activation but not CD45RA suppress LCK tyrosine kinase (412), but it is still unclear
how this differential activation of CD45 isoforms affects the overall function of neutrophils.

CD45 seem important in DC differentiation. In the absence of CD45, DC precursors show a biased
differentiation towards the pDC lineage. However, this pDCs derived from CD45 KO precursors
have an impaired ability to produce type | interferon in response to viral stimulation (224).
Unfortunately, most of the work on CD45 isoforms was performed in the late 1990's and early
2000's. At that time, the difference between pDCs and cDCs was not well-defined and thus the
very few papers that discuss the role of CD45 isoforms in DCs do not differentiate between these
two subsets. In general, DCs can express CD45RO and CD45RB (413). CD45RB seems to be
important for DCs that migrate to MALTs in the gut, but the exact role of CD45RB is not fully
understood (414). Langerhans cells are a subtype of DC only present in skin-associated MALTs
with a function like cDCs but with a different ontogeny (415) that only express CD45RO (416).
Interestingly, Langerhans cells show considerable diversity in CD45R0 glycosylation (416) which
may contribute to their specialized functions in the skin although the exact mechanism remains
elusive.

In mast cells, CD45 is physically associated to FceRl and modulates it signaling transduction and
degranulation through Lyn kinase (417). Noteworthy, in the absence of CD45 in mast cells, IgE
mediated degranulation is abolished (418). Besides, CD45 also modulate the signaling of many
other receptors, making it indispensable for the effector functions of mast cells (233). In placental
and embryonal tissues mast cells express CD45RB and CD45R0 (419), while in lung mucosa they
express CD45RA, CD45RB, and CD45R0 (420). Unfortunately, there is no information about CD45



isoforms in mast cells in normal colon or CRC, but in a case report of a mast cell sarcoma in the
colon CD45RB was strongly upregulated (421).

As mentioned before, the study of CD45 isoforms was performed mostly in the 1990's and early
2000's mainly in T and B cells. After that, the field of CD45 isoform research has been relatively
quiet, with limited exploration in other immune cell populations such as dendritic cells,
eosinophils, neutrophils, and mast cells. Recently, the interest in CD45 has been reignited due to
the increased interest in glycobiology and the use of new high throughput techniques in
proteomics.

Although there is usually one dominant isoform of CD45 expressed on a single cell, all cells
express more than one isoform, which allows for differential glycosylation patterns and
functional diversity in immune cell populations. This diversity in CD45 isoform expression and
glycosylation patterns enables immune cells to respond dynamically to various stimuli and
perform specialized functions. However, the complexity of CD45 glycosylation and isoform
expression poses challenges in fully understanding its role in immune cell function that need to
be addressed in the upcoming years. Therefore, understanding the expression patterns,
regulation, and functional impact of CD45 isoforms in different immune cell populations is crucial
for advancing our knowledge of immune cell biology and developing targeted therapies for
immune-related disorders including cancer.

Future perspectives

The present study shows that CD45 is downregulated in CRC on eosinophils, neutrophils, cDCs,
and pDCs compared to normal mucosa. Given the critical role of CD45 on those cells it is clear
that this will impact immune cell function and potentially contribute to the pathogenesis of CRC.
Interestingly, the surface abundance of CD45 on eosinophils, pDCs, and cDCs in unaffected
mucosa of patients with CRC is significantly reduced compared to the healthy controls. This
indicates that the immunological changes triggered by CD45 downregulation in those cells are
already present before the tumor arrives. In the case of neutrophils there is a decrease in CD45
in unaffected mucosa, but it is not statistically significant. In the future, it would be interesting to
investigate firstly, how the TME modulates the expression of CD45 in innate immune cells.
Secondly, how CD45 downregulation affects the immune function of these cells. Thirdly, which
are the main CD45 isoforms expressed in innate immune cells in normal mucosa and CRC. Finally,
it would be interesting to know if there are glycosylation changes in CD45 isoforms in CRC and
how they contribute to immune cell dysfunction.



Conclusions

The addition of chondroitinase, heparinase I-lll, and hyaluronidase to the digestion mix
highly improves the quality of the final cell suspension.

The TME induces changes in the population dynamics of innate immune cells, increasing
the number of macrophages, neutrophils, pDCs, cDCs, and mast cells while sharply
decreasing the number of eosinophils.

CD45 is an important and complex modulator of immune cells that is downregulated in
neutrophils, eosinophils, pDCs, and cDCs in CRC.

Some of the changes observed among healthy controls and CRC can be observed also
between healthy controls and unaffected mucosa of patients with CRC. Such includes the
increased number of neutrophils, the decreased number of eosinophils, the decreased
surface abundance of CD44 on mast cells, and the decreased surface abundance of CD45
on eosinophils, pDCs, and cDCs.

Mast cells reduce the surface expression of CD117, CD44, and CD200 in CRC. Besides, they
seem to increase the surface expression of CD123, but we need to increase the sample
size to prove it.
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Antibodies employed for flow cytometry

Target Fluorochrome | Clone Company
CD45 PE-CF594 HI30 BD

CD117 APC YB5.B8 BD

FceRI PE-Cy7 AER-37 BioLegend
CD203c Bv421 NP4D6 BioLegend
CD34 BV785 561 BioLegend
Integrin f7 | FITC FIB504 BioLegend
CD45 BV510 HI30 BioLegend
CD14 FITC M5E2 BD

CD66b APC QA17A51 | BiolLegend
CD16 PE-Cy7 3G8 BioLegend
HLA-DR PE 1.243 BioLegend
CD11c BVv421 Bul5 BioLegend
CD3 BV510 OKT3 BioLegend
CD4 FITC RPA-T4 BD

CD8 APC RPA-T8 BioLegend
CD123 BV785 6H6 BioLegend
CD3 APC HIT3a BioLegend
CD19 APC 4G7 BioLegend
CD56 APC 5.1H11 BioLegend
CD14 APC 63D3 BioLegend
CD200 Bv421 0OX-104 BioLegend
CD44 BV711 IM7 BioLegend




