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Abstract

The tumor microenvironment (TME) plays a significant role in colorectal cancer
(CRC) development, the third most incident and the second more lethal cancer worldwide.
Indeed, macrophages, the most frequent immune population in the stroma, influence cancer
cells’ behavior and may favor tumor progression through the production of signaling
chemokines and growth factors. Particularly, our group demonstrated that CCL18, an
immunosuppressive and pro-tumoral chemokine produced by anti-inflammatory
macrophages, induces cancer cell invasion. Additionally, we described that CCL18 is highly
expressed at the invasive front of more advanced human colorectal tumors at sites where
anti-inflammatory macrophages and T regulatory cells are also preferentially located.
Therefore, these findings render CCL18 as a potential marker of worse prognosis whose

mechanism of action is still poorly understood in CRC.

This study aimed to further understand and identify the mechanisms by which CCL18
influences the behavior of tumor cells. Therefore, two colon cancer cell lines, RKO and HCT-
15, were evaluated regarding their response to CCL18 in invasion and invasion-associated
activities, such as migration, proliferation, and proteolysis. For that, invasion, wound-healing
and single-cell migration assays, cell cycle analysis, and gelatin zymography were
performed. To understand the impact of CCL18 on tumor growth and stimulation of
angiogenesis in vivo, we used the chick chorioallantoic membrane (CAM) model. Finally, to
unveil the mechanisms through which CCL18 induces cancer cell invasion, its putative
receptor(s) and associated signaling pathways were explored through an educated-guess
and a search approach. As a first strategy, the CRISPR-Cas9 technology was performed for
the establishment of knockout (KO) models for two CCL18 canonical receptors (CCR8 and
PITPNM3), previously described in other tumor types. Finally, a crosslinking mass
spectrometry assay, using CCL18-coated magnetic beads as a decoy, was employed to

identify possible interactors and receptors of this chemokine.

After optimizing the percentage of serum and the recombinant human (rh)CCL18
concentrations, we observed that this chemokine impacts both collective and individual
cancer cell migration. In the single-cell assay, it promoted an overall decrease of the migrated
distance, although the migratory activity was faster and more directed than that of
unstimulated cells. In collective migration, we observed that colon cancer cells responded
differently to stimulation with this immunosuppressive chemokine. Interestingly, rhCCL18
significantly increased RKO collective cell migration, without affecting HCT-15. Additionally,
it was interesting to observe that cell morphology was also altered after stimulation with
10ng/mL of rhCCL18. RKO cells evidenced a more elongated and loose shape, with front
cellular projections characteristic of migratory cells, as an attempt to interconnect other cells,

while HCT-15 cells were more compact, remaining close to the neighboring cells.
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Furthermore, our results evidenced that rhCCL18 does not influence the cell cycle of RKO
nor of HCT-15 cells, as there were no statistically significant differences observed at any of
the time points studied. Moreover, our results evidenced the presence of pro-active and
active matrix metalloprotease (MMP)-9 forms, and the pro-form of MMP-2 in both conditions.
However, no significant differences between the proteolytic activity of these MMPs were
observed in the presence or absence of 10ng/mL rhCCL18, suggesting that this chemokine
does not promote invasion through the degradation of the ECM, at least at this concentration.
Additionally, our in vivo results with the CAM assay evidenced that 20ng/mL of rhCCL18 did
not promote tumor growth or tumor neoangiogenesis, with no statistical differences observed
regarding superficial tumor area or tumor new blood vessel formation. Regarding the CCL18
receptor, we were able to establish confirmed knockout (KO) CCR8 models, however, we
were unable to achieve that for PITPNM3, with every clone displaying a heterozygous
(polyclonal) phenotype. Western blots confirming receptor loss of expression and invasion
assays with CCR8-KO cells will be important, in the future, to assess the role of CCR8 in
inducing CRC cell invasion under CCL18 stimulation. Sequencing analyses are still required
to understand the status of the deletion site in PITPNM3. Moreover, through the cross-linking
approach followed by mass spectrometry analysis, we were confronted with 20 proteins
enriched in RKO conjugates, that respond to CCL18-mediated invasion, in comparison to the
unresponsive SW480 conjugates. Importantly, Annexin A2 (AXNA2), one of the differently
expressed proteins, was described to interact directly with EGFR in the protein-protein
interaction networks established by the STRING database, and with CCL18 by our PubMed
research. Furthermore, these proteins are interconnected with several other proteins

suggesting possible pathways of action that are now crucial to investigate.

Altogether, our results suggest that CCL18 may promote tumor cell invasion through
cell migration, without enhancing ECM components proteolysis. Moreover, this chemokine
does not seem to influence the cancer cell cycle in vitro. Although our educated-guess and
search approaches did not led us to the identification of the CCL18 receptor, they permitted
to establish CCR8 knockout clones and to appoint ANXA2 as a possible interactor between
CCL18 and EGFR. Further experiments are now required to confirm that the obtained clones
still respond to CCL18-mediated invasion, inducing EGFR and downstream partners
phosphorylation. Functional assays using anti-EGFR and anti-ANXA2 antibodies are now

crucial to establish the CCL18 interacting network.

Keywords: Colorectal cancer, Tumor microenvironment, Macrophages, CCL18, Cancer cell

invasion, CCL18 Receptors.



Resumo

O microambiente tumoral (TME) desempenha um papel significativo no
desenvolvimento do cancro colorretal (CRC), o terceiro mais incidente e o segundo tipo de
cancro mais letal em todo o mundo. De facto, os macrofagos, a populacdo imune mais
frequente no estroma, influenciam o comportamento das células tumorais e podem favorecer
a progressao do tumor através da producdo de quimiocinas sinalizadoras e de fatores de
crescimento. Em particular, 0 nosso grupo demonstrou que a CCL18, uma quimiocina
imunossupressora e pré-tumoral produzida por macréfagos anti-inflamatérios, induz a
invasdo das células tumorais. Além disso, descrevemos que a CCL18 é altamente expressa
na frente invasiva de tumores colorretais humanos mais avancados, em locais onde os
macrofagos anti-inflamatérios e as células T reguladoras estdo preferencialmente
localizados. Por conseguinte, estes resultados fazem da CCL18 um potencial marcador de
pior prognéstico cujo mecanismo de acgdo, ainda pouco conhecido no CRC, importa

conhecer.

Este estudo teve como objetivo compreender e identificar os mecanismos pelos
quais a CCL18 influencia o comportamento das células tumorais. Para tal, o impacto da
CCL18 nainvasao de duas linhas celulares de colon, as RKO e as HCT-15, e na modelacéo
de atividades associadas a invasédo, como a migragéao, o ciclo celular e perfil proteolitico, foi
investigado. Para tal, foram efetuados ensaios de invasdo, migracéo individual ou colectiva,
analise do ciclo celular e zimografia em géis de gelatina. Para compreender o impacto da
CCL18 no crescimento tumoral e na estimulacdo da angiogénese in vivo, utilizamos o
modelo da membrana corioalantéica do ovo da galinha (CAM). Por ultimo, para desvendar
0S mecanismos através dos quais a CCL18 induz a invaséo das células tumorais, 0s seus
recetores e as vias de sinalizagdo associadas foram explorados através de duas estratégias.
A primeira, baseada em dados da literatura, consistiu em realizar, através da tecnologia
CRISPR-Cas9, o estabelecimento de modelos knockout (KO) dos recetores candnicos da
CCL18 (CCR8 e PITPNM3), e previamente descritos noutros tecidos. Finalmente, a segunda
estratégia, teve por base um ensaio de espetrometria de massa de ligacdo cruzada,
utilizando como isco esferas magnéticas revestidas com CCL18, para identificar os possiveis

recetores associados a esta quimiocina.

Apls a otimizacdo da percentagem de soro e da concentracdo de quimiocina
humana recombinante (rhCCL18), verificAmos que esta quimiocina modela a migracao
celular individual e coletiva. No ensaio de células individuais, a rhCCL18 promoveu uma
diminuicdo da distancia migrada, embora a atividade migratéria tenha sido mais rapida e
mais direcionada do que das células ndo estimuladas. Na migracédo coletiva, observamos
gue as células tumorais responderam de forma diferente a estimulacdo com esta quimiocina.

Curiosamente, a rhCCL18 aumentou significativamente a migragdo coletiva das células
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RKO, sem afetar a das células HCT-15. Além disso, foi interessante observar que a
morfologia das células também se alterou ap6s a estimulagdo com rhCCL18 (10ng/mL). As
células RKO apresentaram uma forma mais alongada e individualizada, com projecdes
celulares frontais carateristicas de células migratérias numa tentativa de estabelecerem
interacdes celulares, enquanto as HCT-15 eram mais compactas, preferindo permanecer
préximas as células vizinhas. Os nossos resultados sugerem ainda que a rhCCL18 néo
influencia o ciclo celular das RKO nem das HCT-15, uma vez que nado foram observadas
diferencas estatisticamente significativas em nenhuma das condi¢bes estudadas. Além
disso, 0s nossos resultados evidenciaram a presenca de formas pro-ativas e ativas de
metaloprotease de matriz (MMP)-9 e a forma pré-ativa de MMP2 em ambas as condicdes.
N&o foram observadas diferencgas significativas entre a atividade proteolitica destas MMPs,
na presenca ou auséncia de rhCCL18 (10ng/mL), sugerindo que esta quimiocina nao
promove a invasao através da degradagdo da matriz extracelular, pelo menos com esta
concentracdo. Além disso, o ensaio da CAM evidenciou que a rhCCL18 (20ng/mL) n&o
promoveu o crescimento tumoral ou a neo-angiogénese in vivo, nao tendo sido observadas
diferencas estatisticas relativamente a area tumoral superficial ou a formagéo de novos
vasos sanguineos a volta do tumor. Relativamente ao recetor da CCL18, conseguimos
estabelecer modelos KO para o recetor CCR8, no entanto, 0 mesmo n&o aconteceu para o
PITPNM3, apresentando todos os clones um fendtipo heterozigético (policlonal). Western
blots a confirmar a auséncia de expressdo do recetor, e ensaios de invasdo com linhas
celulares KO para o CCR8 serdo importantes, no futuro, para avaliar o papel deste recetor
na inducdo da invasdo mediada pela CCL18. Além disso, andlises de sequenciagdo
permitirdo confirmar a delecdo do PITPNM3. Em paralelo, numa andlise de ligacGes
cruzadas, identificAmos 20 proteinas enriquecidas em conjugados RKO, que respondem a
invasdo mediada pela CCL18, mas ndo nos conjugados néo responsivos das SW480.
Notavelmente, a Annexin A2 (AXNA?2), uma das proteinas diferencialmente expressas, foi
descrita como interagindo diretamente com o EGFR, nas redes de interagdo proteina-
proteina da base de dados STRING, e com a CCL18 na pesquisa avancada do PubMed.
Além disso, estas proteinas estéo interligadas com varias outras, sugerindo uma possivel

via de sinalizacdo que importa agora investigar.

Em concluséo, os nossos resultados sugerem que a CCL18 pode promover a
invasdo das células tumorais através da migracao celular, sem degradar os componentes
da matriz extracelular. Além disso, esta quimiocina ndo parece influenciar o ciclo celular in
vitro. Apesar das nossas estratégias ndo nos terem conduzido a identificacdo do recetor da
CCL18, permitiram-nos estabelecer clones KO para o CCR8 e apontar a ANXA2 como um
possivel elemento de ligagdo entre a CCL18 e o EGFR. Serdo agora necessarias
experiéncias adicionais para confirmar se a CCL18 é capaz de induzir a invasao dos clones

CCRS8 KO gerados e a fosforilagdo do EGFR e dos seus parceiros de sinalizacdo. Ensaios
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funcionais, utilizando anticorpos anti-EGFR e anti-ANXA2 sdo agora cruciais para
estabelecer a sinalizagcdo molecular subjacente.

Palavras-Chave: Cancro colorretal, Microambiente tumoral, Macréfagos, CCL18, Invaséo
das células tumorais, Recetores da CCL18.
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Chapter 1: Introduction

Cancer

Cancer is defined as aberrant cell growth that results from gene mutations that either
accelerate the rate of cell division or inhibit the organism from executing its normal controls,
such as cell cycle arrest or programmed cell death. Additionally, mutations may provide these
cells the ability to degrade the underlying extracellular matrix components, to migrate through
the basement membrane and the stroma, overcome tissue boundaries and invade nearby

tissues and occasionally even form metastases (1,2).

This disease represents a major social, public health, and economic problem of the
21st century, being the leading cause of mortality and an important obstacle in increasing life
expectancy worldwide. Globally, the burden of cancer incidence and mortality is growing at
a rapid rate. This can be attributed to several factors, including population growth and aging,
and shifts in the distribution and prevalence of the primary risk factors for cancer, many of
which are linked to socioeconomic development. Apart from its significant impact on life
expectancy, cancer entails substantial social and macroeconomic expenses that differ
according to gender, geographic location, and cancer type. Decreasing the global cancer
burden requires a combination of primary prevention, early intervention, improvements to

health systems, and treatment alternatives (3).
Colorectal Cancer

Epidemiology and Etiology

Colorectal cancer (CRC) was estimated to be responsible for about 10% of the
worldwide cancer burden, being ranked in third place in incidence and second in mortality, in
2022 (Figure 1). In Portugal, it surpasses both breast and prostate cancer, occupying the

place of the most common cancer, while being the second most deadly, after lung cancer

@).
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Figure 1. Estimated 2022 worldwide cancer incidence and mortality rates for both genders. Adapted from
Globocan (3).

The most significant risk factor for CRC is aging, with the chance of developing
disease increasing after 50 years. Other risk factors include the personal history of CRC or
of inflammatory bowel disease, and a familial history of CRC in proximal relatives, especially
in those under fifty years of age at diagnosis (4). Furthermore, specific lifestyle habits also
constitute a risk for CRC development. A more sedentary lifestyle, with a high intake of
animal-source aliments, usually correlates with a lack of physical activity and obesity, which
are all modifiable risk factors. Additionally, heavy alcohol intake, smoking, and consumption
of red or processed meats also contribute to this disease risk. However, physical activity,
consumption of wholegrains, foods containing dietary fiber, dairy products, calcium
supplements, regular use of aspirin, and hormone replacement therapy appear to have a

protective effect (5,6).

Pathogenesis and Classification

The formation of CRC implicates the transformation of normal glandular epithelial
cells into benign adenomas or polyps, progressing to advanced forms and, finally, to invasive
carcinoma. The accumulation of genetic and epigenetic alterations are responsible for the

neoplastic changes (7).

CRC can be classified as sporadic, inherited, or familial depending on the origin of

the mutations (8).

Sporadic cancers represent 70% of CRC and result from a specific succession of
mutations that are translated into the adenoma-carcinoma sequence. This sequence states
that non-malignant adenomas, or polyps, originate from a mutation in the tumor suppressor
gene adenomatous polyposis coli (APC), that acts as an initiating event. This is followed by

the accumulation of additional mutations in genes like Kirstein rat sarcoma (KRAS),
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suppressor of mothers against decapentaplegic 4 (SMAD4), and tumor protein-53 (TP53). It
is estimated that approximately 15% of those adenomas will progress to the carcinoma stage
in 10-15 years (8,9).

Inherited cancers represent only 5% of the CRC cases. These cancers are caused
by inherited mutations that affect one of the mutated gene’s alleles; consequently, a point
mutation in the other allele will cause the formation of a mutated cell and eventually lead to
the development of carcinoma. Two groups of inherited cancers have been established:
polyposis and non-polyposis. Familial adenomatous polyposis (FAP), typified by the
development of multiple potentially malignant polyps in the colon, is the primary cause of the
polyposis variant. By contrast, germline mutations in DNA mismatch repair (MMR) genes are
linked to hereditary non-polyposis colorectal cancer (HNPCC), also called as Lynch

syndrome (7,8).

Familial CRC represents about 25% of cases and is also caused by inherited
mutations. However, it does not integrate any inherited cancer variant, and as such it is not

considered inherited cancer per se (8).

One important factor underlying CRC is genomic instability. Three distinct pathways
can be identified as the pathogenic mechanisms causing this malignancy, namely
chromosomal instability (CIN), microsatellite instability (MSI), and CpG island methylator
phenotype (CIMP) (10).

The CIN pathway, also referred to as the classical pathway, is responsible for 80%
to 85% of the CRC cases. These cancers are characterized by a cascade of events that
accumulate numerical or structural chromosomal abnormalities, resulting in aneuploid
karyotype, frequent loss-of-heterozygosity (LOH) at tumor suppressor gene loci, and
chromosomal rearrangements (11). Moreover, these mechanisms include alterations in
chromosome segregation, telomere dysfunction, and DNA damage response, which impact
key oncogenes and tumor suppressor genes that are vital for the preservation of cell function,
including APC, KRAS, phosphatidylinositol 3-kinase (PI3K), V-raf murine sarcoma viral
oncogene homolog Bl (BRAF), SMAD4, and TP53 (8,11). APC mutations trigger the
translocation of B-catenin to the nucleus and drive the transcription of genes implicated in
tumorigenesis and invasion. Mutations in KRAS and PI3K have downstream effects on cell
growth, survival, motility, and differentiation, while loss-of-function mutations in TP53 cause
an uncontrolled entry into the cell cycle (8,12). All of these alterations culminate in

carcinogenesis.

MSI is found in approximately 15% of sporadic CRCs (13). The inactivation of MMR
genes, which are essential for maintaining genetic stability through repairing errors in DNA

replication, preventing the recombination of non-identical DNA sequences, and interfering
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with DNA damage responses, is the primary cause of MSI tumorigenesis. Loss of expression
can result from spontaneous events, like promoter hypermethylation, or germinal mutations
such as those in Lynch syndrome. These mutations can impact non-coding regions and
codifying microsatellites, and tumors develop when reading frames of oncogenes or tumor
suppressor genes encoded in microsatellites are changed. Genes mutated in these tumors
include those involved in MMR as MutL homolog 1 (MLH1), MutS homolog 2 (MSH2), MutS
homolog 6 (MSH6), PMS1 Homolog 1 (PMS1), and PMS1 Homolog 2 (PMS2) (8).
Depending on the proportion of loci that correlate to MSI features, it can be further divided
into microsatellite instability-high (MSI-H) and microsatellite instability-low (MSI-L)
categories. Microsatellite-stable (MSS) tumors are those that do not exhibit MSI

characteristics (13).

Finally, the CIMP pathway is caused by epigenetic instability. The main feature of
CIMP tumors is the hypermethylation of oncogene promoters, which results in the loss of

protein expression and genetic silencing (8).

Screening and Treatment

For resectable CRC the primary therapy is surgical removal of the tumor, while in
non-resectable CRC, standard therapies include chemotherapy, radiotherapy, and
immunotherapy. These treatments can be combined, depending on the extent of the CRC
confinement and progression (14). However, at advanced stages, the currently available
therapies have limited curative impact, leading to poor prognosis and high mortality rates
(15).

The main goal of screening is to identify early-stage CRC, that are mainly
asymptomatic (15). Currently, colonoscopy is the standard method, however, although it
allows for the easy identification of advanced lesions, early lesions are sometimes missed.
Furthermore, since early lesions may appear as subtle mucosal lesions, an incomplete or
inadequate colonoscopy may enhance the risk of cancer developing. For this reason,
computed tomography (CT) and magnetic resonance (MR) are used as a complement to
colonoscopy. Other methods include sigmoidoscopy and, to a lesser extent, stool-based
testing (4,16).

Nevertheless, despite advances in the development of less invasive screening and
diagnostic approaches, about 25% of patients present distant metastatic disease at diagnosis
(4). This lack of early detection impacts the survival of CRC patients, with 5-year relative
survival ranging from more than 90% in stage | CRC patients to about 10% in stage IV CRC
patients (15). Therefore, reliable biomarkers that can detect CRC at early stages could

improve the prognosis, treatment response prediction, and risk of recurrence.
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Biomarkers

A biomarker is a biological entity that aids the measurement of normal biological
processes, the presence and progression of pathological diseases, and responses to an
intervention or treatment (17). A good biomarker must have high sensitivity, specificity, and
positive predictive value. Additionally, it should be safe, easy to measure, helpful for

establishing an accurate diagnosis, and aid in selecting the type of treatment (18).

Carcinoembryonic antigen (CEA) is the biomarker of excellence used in CRC. It is
used to monitor therapy response and recurrence, with constant increased levels associated
with disease progression. CEA was initially considered specific for CRC, but elevated levels
of this marker were later found in other diseases, such as gastric and pancreatic cancer, and
inflammatory conditions. Furthermore, CEA is not recommended for screening, considering
that high concentrations are rarely found in stage | CRC. Another limitation of its use in
screening is the difficulty and inability of differentiating between benign and malignant polyps
(18).

Cancer antigen 19-9 (CA 19-9) is a glycoprotein whose application in CRC diagnosis
remains a discussion. Elevated levels of this biomarker are associated with poor prognosis
(18). However, CA 19-9 sensitivity and specificity for CRC are inferior when compared to
CEA and therefore, this remains as the preferred antigen to use as a prognostic marker after

diagnosis and to monitor disease progression (19).

Chromosome 18q loss of heterozygosity (18qLOH) in the coding place of SMAD4
proteins is another prognostic marker, specific to CRC, particularly in patients with stages I
and lll. Deletion of this chromosome is associated with poorer overall survival compared to
patients without it (18).

Other molecules and characteristics are emerging as biomarkers for CRC, including
MSI, and microRNA, however all failed at early diagnosis. Moreover, current non-invasive
screening stools are not sensitive enough to detect pre-cancerous lesions and miss
significant early CRC (14,15).

In order to improve CRC diagnosis and treatment, we must gain a deeper
understanding of the biological mechanisms of cancer cells and of their microenvironment

that underly the initiation, progression, and dissemination of the disease.
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Tumor Microenvironment

Cancer is also associated with complex tissues and organs damaged by malignant
and transformed cells within the tumor microenvironment (TME). The TME is formed by
dynamic and intricate interactions of communication between various molecules and cells,
which has a crucial impact on tumor initiation, development, and progression (20). This TME
comprises all cellular, non-cellular, and soluble components that surround the malignant cells
and that modulate and are modulated by cancer cell activities (Figure 2). This might include
fibroblasts, adipocytes, immune cells, stromal cells, endothelial cells, and surrounding

extracellular components, such as the extracellular matrix, and signaling molecules (20).

Infiltrating immune cells, cancer-associated fibroblasts (CAFs), and angiogenic
endothelial cells perform critical functions in sustaining cell proliferation, evading growth
suppressors, promoting survival, invasion, and metastasis, and reprogramming energy
metabolism. They are embedded in a modified extracellular matrix (ECM), which offers
support and regulates bidirectional communication between cells and ECM macromolecules
to determine tumor progression and metastatic dissemination (20-22). Finally, the
vasculature carries oxygen and nutrients from the tumor-associated stroma, along with
soluble and matrix-bound growth factors, cytokines, chemokines, angiogenic factors, and
enzymes that aid disease development (23). Researchers acknowledge that different cancer
types and patients have different TME compositions and structures. Therefore, studying the
immune TME is essential and can be used in addition to histopathological and molecular
biomarkers (20).
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Figure 2. The tumor microenvironment. Cancer cells are surrounded by distinct immune cell populations
(such as macrophages, dendritic cells, natural killer cells, lymphocytes, and endothelial cells), cancer-
associated fibroblasts, normal epithelial cells, stromal cells, adipocytes, extracellular matrix components,
and soluble factors. Created with Biorender.com.
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Macrophages

Macrophages, the most predominant immune population at the TME, are myeloid-
derived cells that may result from peripheral blood monocytes differentiation (20,24). They
are found in nearly every tissue, being crucial for its maintenance and homeostasis.
However, the ontogeny and the surrounding microenvironments result in resident
macrophages varying between tissues. Therefore, these resident populations are frequently
heterogeneous (24). Among their many roles are the phagocytosis of pathogens, dead cells,
and cellular debris, antigen presentation through the presentation of processed antigens
linked to major histocompatibility complex (MHC) molecules, and the synthesis of various

cytokines (25).

Macrophages are essential for regulating innate immune and inflammatory
responses, and crucial to preserve tissue homeostasis (26). Furthermore, they exhibit
several functions associated with cancer development and progression, angiogenesis, tumor
cell escape into the circulatory system, and inhibition of antitumor immune mechanisms and
responses. They can also assist circulating cancer cells extravasation, by enhancing
transendothelial migration at distant sites which may result in the persistent dissemination of

metastatic colonies (20).

Macrophages are highly plastic cells that exhibit distinct functional phenotypes
according to specific signals and stimuli received from the microenvironment. Although
macrophage polarization is a spectrum of differentiation with several intermediate stages,
there are two extreme macrophage populations: the classically activated (M1-like), generally
pro-inflammatory, and the alternatively activated (M2-like) macrophages, which generally
display anti-inflammatory features (Figure 3). These M2 macrophages are further divided into
distinct subpopulations as M2a, M2b, M2c, and M2d. These macrophages differ in their cell

surface markers, secreted cytokines, and biological functions (25,27).

The pro-inflammatory M1-like macrophages are typically induced by T helper cell
type 1 (Thl) cytokines, including interferon-y (IFN-y) and tumor necrosis factor a (TNF-a),
bacterial lipopolysaccharide (LPS), and granulocyte-macrophage CSF (GM-CSF),
chemokine (C-X-C motif) ligand 9 (CXCL9), CXCL10, CXCL11, and C-X-C chemokine
receptor type 3 (CXCR3). They are characterized by expressing toll-like receptor 2 (TLR-2),
TLR-4, the co-stimulatory clusters of differentiation 80 (CD80) and CD86, and the major
histocompatibility class Il (MHC-II) molecules. Furthermore, the activation of transcription
factors (TFs) like the Signal transducer and activator of transcription 1 (STAT1), the Nuclear
factor kB (NF-xB), the Janus kinase 3 (JAK3), and the c-Jun N-terminal kinase (JNK) can
promote the expression of pro-inflammatory cytokines, including interleukin 1 (IL-1), IL-6, IL-
12, IL-23, and TNF-a by these macrophages (25,27,28). Functionally, the M1-like
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macrophages remove pathogens by activating the nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase system with subsequent generation of reactive oxygen species
(ROS). Consequently, ROS-induced tissue damage, mediated by pro-inflammatory
macrophages, may also hinder wound healing and tissue regeneration (25). Additionally,
these macrophages activate CD8+ T cells and attract natural killer (NK) cells to inhibit tumor
growth. Clinical trials have demonstrated a positive correlation between increased infiltration
of these pro-inflammatory macrophages and prolonged patient survival, as well as better
clinical outcomes in multiple cancers, including colorectal, lung, ovarian, and triple-negative
breast cancer (25,27,28).

On their turn, the anti-inflammatory M2-like macrophages are described to drive
regulatory mechanisms that inhibit the chronic inflammatory response to prevent tissue

damage and the induction of autoimmune diseases (27).

Cytokines like transforming growth factor p (TGF-B), IL-4, IL-13, IL-10, and IL-33
cause monocyte polarization into this anti-inflammatory phenotype. Interestingly, only 1L-4
and IL-13 directly induce M2 macrophage activation, while T helper cell type 2 (Th2)
produced cytokines as IL-33 and IL-25, seem to amplify M2 macrophage activation. Many of
these exogenous stimuli may promote the expression of several transcription factors (TFs),
as the Jumonji domain-containing protein-3 (JMJD3), the signal transducer and activation of
transcription 6 (STAT6), and the interferon regulatory factor 4 (IRF4) that, on their turn,
regulate the transcriptions of other genes. Currently, the STAT6 pathway is considered to be
the major pathway responsible for the activation of genes related to the acquisition of an M2-
like phenotype (25,27,28).

The anti-inflammatory macrophages are characterized by the expression of surface
markers like the mannose receptor CD206, the scavenger receptor CD163, the C-type lectin
CD209, the Resistin-like molecule alpha 1 (FIZZ1), and the Ym1/2 lectin (27,29,30).

They also produce high levels of anti-inflammatory cytokines as IL-10, TGF-,
chemokine (C-C motif) ligand 1 (CCL1), CCL17, CCL18, CCL22, and CCL24, which
contribute to sustain their anti-inflammatory profile. These macrophages are highly capable
of phagocytosing debris and apoptotic cells, promoting tissue repair and wound healing, and
exhibiting pro-fibrotic and pro-angiogenic properties. Consequently, anti-inflammatory M2-
like macrophages generally participate in Th2 responses and parasite clearance, reducing
inflammation, inhibiting T cell-mediated anti-tumor immune response, and promoting tissue
remodeling, angiogenesis, immunoregulation, tumor initiation, progression, and metastasis
(25,28).
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Figure 3. M1/M2 macrophages profile. The polarization of macrophages is driven by the surrounding
microenvironment that induces them to adopt different properties. These distinct differentiated profiles
represent extremes of a continuum of polarization. The pro-inflammatory M1-like macrophages usually
express CD86, CD80, iINOS, and MHC class Il receptors, and produce pro-inflammatory cytokines, such as
IL-6, IL-1B, IL-12, and TNF-q, inducing a Th1 response. Their functions are proinflammatory, microbial and
tumoral activity, and promotion of tissue damage. The anti-inflammatory M2-like macrophages frequently
express CD206, CD163, CD209, FIZZ1, and Ym1/2, and are characterized by the production of anti-
inflammatory cytokines, such as IL-10, TGF-B, and CCL18, generally inducing a Th2 response. Their
functions are anti-inflammatory, phagocytosis, tissue regeneration and repair, angiogenesis and
immunomodulation, and tumor formation and progression. Adapted from (27).

Macrophages in Cancer

The role of macrophages in cancer has been extensively studied, with new
information emerging periodically. In many human cancers, the extent of macrophage
infiltration functions as a valuable diagnostic and prognostic biomarker. Numerous
techniques, including morphological discrimination, gene expression analysis, and cell-
surface marker profiling, can be used to identify and quantify tumor-associated macrophages
(TAMs). The most common way to identify them is by the expression of the macrophage
lineage receptor CD68. However, anti-inflammatory M2-like macrophages can also be
distinguished by their expression of CD163, of CD206, and of CD204. Oppositely, CD40 and
HLA-DR expression can be used to identify human macrophages that exhibit a pro-

inflammatory M1-like phenotype (31).

At first, the high density of macrophages in tumors was correlated with patients'
prognosis. As such, infiltration of TAMs in the TME was associated with poor prognosis in
breast, prostate, ovarian, cervical, gastric, bladder, thyroid, urogenital cancer, and oral
squamous cell carcinoma (32,33). Contrarily, in patients with colorectal cancer, the
abundance of macrophages was initially correlated with a better prognosis (33). In prostate,

stomach, lung, and brain cancer there was conflicting evidence (32,33). Overall, increased
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TAMs presence was associated with cancer progression, metastasis, poor treatment efficacy,
and limited survival (32,34).

Later, two meta-analyses assessed the relationship between macrophages and CRC
patients' prognosis, considering different factors, such as heterogeneity of TAMs subsets, the
location of macrophage infiltration, tumor type, and MMR status. This integrative analysis
may contribute to the debate regarding the relationship between TAMs and CRC outcomes
(35,36).

In one of these studies, a high density of CD68+ TAMs in CRC tissue was correlated
with a favorable prognosis, according to stratification by TAMs subsets. Additionally, it was
found that 40% of the CD68+ macrophages were CD163 positive, whereas 60% were nitric
oxide synthase (NOS2 or iNOS) positive. The presence of NOS2+ macrophages was
suggested to be the primary factor influencing the positive correlation between CD68+
infiltrates and CRC survival, rather than the presence of CD163+ macrophages (36). This
meta-analysis analyzed TAMs infiltration in tumor islets (TI) and tumor stroma (TS) (36), while
other evaluated TAMs in the tumor center (TC), which includes stromal and intraepithelial
compartments, and the invasive margin (IM) (35). The presence of TAMs in tumor islets was
correlated with better CRC survival, while TAMs in tumor stroma predicted worse survival
(36). Poor tumor differentiation and a worse prognosis were linked to high densities of anti-
inflammatory M2-like macrophages at the tumor center. Notably, the presence of these
macrophages at the tumor invasive margin was also correlated with a poor prognosis,

particularly regarding disease-free survival (DFS) (35).

Importantly, many of these studies instructed that the effect of TAMs infiltration on
prognosis may differ according to the TAMs subsets. Particularly, higher CD68+ TAMs
density was positively associated with better CRC prognosis, but neither CD68*NOS2* pro-
inflammatory nor CD68*CD163* anti-inflammatory TAMs density was correlated with CRC
survival. In particular, the high density of CD68* TAMs at the tumor stroma or at the tumor
islets and tumor stroma predicted better overall survival (OS). However, the infiltration of
CD68* TAMs at tumor islets was not a statistically significant prognostic marker for OS (36).
Instead, a high density of CD68* TAMs at the tumor center was associated with improved
DFS, but no correlation with OS was found. In addition, the high density of CD68* TAMs at
the tumor margin was associated with high infiltration of CD3* and CD8* T cells, which

correlated with better prognosis (35).

Our group has also contributed to this knowledge by profiling, through
immunohistochemistry, the macrophages present in a series of 150 CRC cases. For this
characterization, we have used CD68, CD80 and CD163 as lineage, pro-inflammatory and
anti-inflammatory macrophage markers, respectively. Quantifications performed by

computer-assisted analysis revealed that CD163* macrophages were predominantly
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distributed at the tumor invasive front, while CD80* macrophages were preferentially located
at the adjacent normal mucosa. Tumor stage stratification revealed that CD163*
macrophages are more abundant in stage Il tumors, while CD80* macrophages were
predominant in T1 tumors. Notably, in stage Ill tumors, higher CD68 and lower CD80/CD163
ratio correlated with reduced overall survival and a multivariate regression analysis appointed
the protective role of CD80* macrophages against tumor relapse risk. This work emphasizes
that in addition of studying the number it is also relevant to map the distribution of the distinct

macrophage populations to uncover their prognostic value.

CD68* TAMs infiltration was also found to have opposite survival effects on colon and
rectal cancer. An abundance of TAMs was shown to be a favorable prognostic factor for colon
cancer but a negative indicator for rectal cancer. Considering that preoperative radiation
therapy, which modulates macrophage recruitment and function in the TME, is administered
to most patients with rectal cancer, this could be a possible explanation for the difference

between these types of cancer (36).

Moreover, differences regarding macrophage infiltration between MMR-proficient and
MMR-deficient CRC cases were found. It was demonstrated that only MMR-proficient
cancers with increased TAM density had a favorable prognosis; MMR-deficient cancers did
not exhibit any correlation with TAM infiltration. This suggests that the MMR status and the

prognostic value of TAMs might be associated (36).

Altogether, this data supports that quantifying and profiling the CD68* macrophages
and their subpopulations may provide potential prognostic information to complement tumor

staging and guide decisions for therapeutic targets in CRC (35,36).

Another relevant aspect is the macrophage profile. As previously mentioned,
macrophages polarize in a continuum spectrum, with two extremes of polarization, the M1
and M2 macrophages. The M1-like macrophages present pro-inflammatory characteristics,
which confer them an anti-tumoral phenotype. Contrarily, the M2-like phenotype presents
anti-inflammatory traits which correlate to pro-tumoral abilities (37). TAMs also exhibit distinct
polarization and regulate the progression of tumors. They are primarily polarized to the M1
type in the early stages of tumor progression, gradually evolving into M2-like TAMs during
tumor development (28). In the TME, macrophage polarization can also be induced by
hypoxia, pH imbalances, and ECM alterations. Since they deal with a wide range of signals
and origins, TAMs are highly heterogeneous. TAMs are a major source of reactive mediators
including cytokines, chemokines, growth factors, ROS and reactive nitrogen species (RNS),
and proteolytic enzymes, and have been shown to impact fundamental aspects of tumor

biology and progression (20,38).
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Anti-inflammatory TAMs are described to lack cytotoxic activity, to release cytokines
and growth factors that favor cancer cell aggressiveness, and that promote and sustain an
immune-suppressive environment. They have the ability to increase, mediate, or antagonize
the antitumor activity of irradiation, cytotoxic agents, and checkpoint inhibitors. These
macrophages may also produce multiple enzymes and proteases such as matrix
metalloproteinases (MMPs), cathepsins, plasmin, and osteonectin that regulate the
degradation of the ECM, consequently promoting tumor motility, invasion, and metastasis
(20,25). Additionally, while suppressing the anti-tumor Th1-mediated adaptive immunity (38),
they may also produce pro-angiogenic factors essential for tumor proliferation and for the
neo-angiogenesis switch. These include the epidermal growth factor (EGF), TGF-@, the and
vascular endothelial growth factor (VEGF) (38).

Recently advances in omics technologies have significantly expanded our
understanding of the biological processes that promote CRC progression (39).
Comprehensive genomic and transcriptomic research has played a pivotal role in linking
immune-related genomic abnormalities, such as microsatellite instability, neoantigen load,
and other immune-related genomic distortions, to immune-cell infiltration and prognosis in
CRC. Several approaches have been used to identify transcriptomic and epigenetic changes
that correlate with cancer development. These approaches include microdissection of CRC
lesions and tissue comparisons between normal, adenoma, and carcinoma tissues. Lately,
single-cell transcriptomics has yielded more detailed insights into the tumor immune
microenvironment by identifying discrete subsets of immune, stromal, and malignant cells
and by establishing the molecular interactive networks in CRC. Also, premalignant gene
expression programs have been found through single-cell sequencing of precancerous
polyps. Furthermore, during malignant transformation, significant alterations at the tumor
microenvironment were described, particularly regarding fibroblast subpopulations,
enrichment of regulatory T cells, and reduced B cells in polyps (39,40). Moreover,
macrophage profiles and locations have also been studied with this extensive analysis, since
it has been considered that the initial M1 and M2 classifications were not suitable in CRC,
considering the heterogeneity of CRC immune populations. One example of a recent study
explored the monocyte/macrophage populations in CRC and identified ficolin-1 (FCN1)+
monocyte, heat shock protein family A (Hsp70) member 6 (HSPAG6)+ monocyte, OAS+
macrophage, oxidized low-density lipoprotein receptor 1 (OLR1)+ macrophage, and folate
receptor B (FOLR2)+ macrophage populations with distinct gene expression signatures.
Furthermore, they detected abundant FOLR2* macrophages, T regulatory (Treg) cells,
exhausted CD4*Tcells, exhausted CD8*Tcells, and tolerant CD8*Tcells in cancer tissues,
constituting what they defined as the CRC immune module (CCIM). Colocalization of
these cells was observed in tumor tissues, indicating the potential roles of CCIM topology in

reprogramming the suppressive TME in CRC (40).
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The Extracellular Matrix

Another important feature of the TME is the composition and organization of the ECM,
whose biochemical and biomechanical properties affect the behavior of the cells. The main
role of the ECM is to provide support and anchoring for the cellular components of the TME,
through an intricate and dynamic network of ECM proteins but also to act as a signaling
reservoir of multiple growth factors, hormones, and cytokines. It is composed of various
macromolecules, including proteoglycans, glycoproteins, adhesive (laminin and fibronectin)
and structural (collagen and elastin) proteins, polysaccharides, various metabolites, growth
factors, enzymes, and cytokines (20,22). Subtypes of these ECM components also exist,
which further define their roles within the ECM's general structure and characteristics. Since
structure determines function, various ECM molecule subtypes and combinations confer

distinct functions that are necessary for the body as a whole to function (41).

Collagen constitutes the major component of the ECM, around 90% in humans, and
comprises 3 polypeptide a chains arranged in a triple helical configuration. Numerous cellular
functions, such as adhesion, migration, and proliferation, are influenced by collagen. The
collagen family, thought to consist of about 28 proteins, is further subdivided into fibril-forming
collagens, fibril-associated collagens with interrupted helices (FACIT), and network-forming
collagens. Fibrillar collagens are fibrous proteins that are frequently present in the skin,
cartilage, tendons, and cornea. Depending on tissue location, a collagen fiber can contain
multiple subtypes of collagen. Type | collagen, the most abundant type of fibrillar collagen, is
found in connective tissues such as skin, bones, tendons, and cornea, being highly
implicated in processes like wound repair and organ development. FACITs are associated to
the surface of collagen microfibrils and bind with other ECM proteins to mediate the formation
of a higher-order structure. Network-forming collagens are abundant at the basement
membranes. Collagen IV is one example; via its N-terminal domain, it forms a tetramer, which
subsequently binds to another similar molecule to form a hexamer. As a result, it can create
a stable collagen network that divides the interstitial stroma from the basal lamina. In healthy
tissues, the orientation of collagens can be very consistent; in pathological conditions,
however, this orientation can vary. Overall, the amount of the different collagens in the ECM
determines a variety of its properties, including elasticity and the availability of biomolecules
like chemokines and growth factors. Collagens play additional vital roles. For instance, they
are crucial in basement membranes, contributing to separating the various tissue layers. The
normal exchange of biomolecules and cell movement within basement membranes can be
disrupted by increased collagen deposition that causes membrane hardening. Since less
collagen is deposited, basement membranes in many pathological conditions, including

cancer, are thinner than those in normal tissues (22,41).
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Proteoglycans consist of a core protein to which glycosaminoglycans (GAG) are
covalently bound. GAGs contain repeating disaccharide units resulting in long, linear, anionic
polysaccharides. Hyaluronic acid, keratan sulfate, chondroitin/dermatan sulfate, and heparan
sulfate, which includes heparin, are the four categories of GAGs. Proteoglycans are able to
sequester water and divalent cations, which confers them space-filling and lubricating
properties, due to the highly negatively charged GAG chains. Large proteoglycans, as
versican and aggrecan, small leucine-rich proteoglycans, as decorin and lumican, and
basement membrane proteoglycans, as perlecan, are examples of secreted proteoglycans.
Proteoglycans can be cell-surface-associated, like syndecans, and intracellular, as serglycin.
Numerous biological functions are supported structurally by the molecular diversity of
proteoglycans. Aggrecan, for example, produces elasticity and a high biomechanical
resistance to pressure in cartilage. Decorin and lumican play a role in regulating collagen
fibril assembly. Proteoglycans are also implicated in cell signaling and biological processes,
including angiogenesis. Furthermore, they also interact with growth factors and their
receptors (22,41,42).

Laminins are trimeric glycoproteins composed of a, B, and y chains that are frequently
observed in the basal lamina and certain mesenchymal compartments. Laminins perform a
variety of cell type-specific functions, including adhesion, migration, differentiation,
phenotypic maintenance, and resistance to apoptosis. When combined with the type IV
collagen network, which is associated with basement membrane maturation, they form a
cross-linked web, essential for structural stability. Laminins can establish a dynamic
connection between cells and ECM by binding integrins, which facilitates the induction of

signaling pathways and the organization of the intracellular cytoskeleton (41,42).

Fibronectin, a multi-domain protein, connects the cell to the ECM by interacting with
its constituents. Although it is encoded by a single gene, alternative splicing of the mRNA
results in 20 different isoforms in humans. Similar to collagen, fibronectin creates an ECM
fibrillar network. The two cysteine disulfide bonds in fibronectin allow it to exist as a dimer
outside of cells naturally, which is essential for its fibrillar assembly. Selective binding to
integrins facilitates the assembly of the fibronectin matrix. It is via these integrins that the
compact and soluble fibronectin that is secreted is unfolded, exposing hidden binding sites
that allow additional fibronectin molecules to form the fibrillar network of fibronectin. High
concentrations of fibronectin are locally produced at the cell surface through integrin
clustering induced by fibronectin binding. Once fibronectin is bound to the cell surface by
integrins, the actin cytoskeleton can pull onto fibronectin molecules to alter its conformation.
As aresult, cryptic binding sites for fibronectin, heparan sulfates, heparin, collagen, and other
ECM proteins will become visible in the C-terminal regions of fibronectin. The fibronectin

network matures and becomes insoluble through strong non-covalent protein-protein
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interactions; however, mature lateral interactions between fibrils may be mediated by other
ECM proteins. Atindividual sites, these interactions stabilize the relatively weak binding sites.
Fibronectin is known to play various roles, including the assembly of collagen type I, since it
has multiple binding sites for other ECM proteins. In the absence of fibronectin, collagen
fibrils do not accumulate (22,41,42).

The ECM components confer unique physical, biochemical, and biomechanical
properties, when orderly arranged, that aid in the regulation of cell behavior. The physical
properties are associated with ECM's role in scaffolding to support tissue architecture and
integrity. Features such as rigidity, porosity, insolubility, spatial arrangement, and orientation
comprise the physical properties of ECM. Cell migration is influenced by these characteristics
since they function as a barrier, anchorage site, or movement track (22,42,43). The EMC’s
biochemical characteristics are related to its direct and indirect signaling abilities, which
enable cells to sense and interact with their surroundings through a variety of signal
transduction cascades that alter gene expression or other aspects of cell behavior (42,43).
EMC’s biomechanical properties, which include ECM’s elasticity that allows a shift from soft
to stiff, also determines cell behavior, including cell differentiation and tissue functions, by

providing environmental cues that aid cells in sensing and perceiving external forces (43).

One of the most prominent features of cell-ECM interactions is that they are
reciprocal. Cells are constantly creating, decomposing, reorganizing, and realigning the
components of the ECM, altering its properties. In turn, any changes in the ECM resulting
from cellular activities will influence adjacent cells and modify their behavior, since the ECM
regulates various cellular behaviors. This regulatory feedback mechanism between cells and
the ECM allows cells and tissues to adapt quickly to their environment. Another relevant
feature of ECM properties is that they are intertwined and not independent, conferring ECM
the ability to be highly dynamic, and not just an inert scaffold that solely provides structure
for the cells (41,43,44).

The ECM can act as binding sites, regulating cell adhesion and migration. The
intricate composition and structure of the basement membrane, which acts as a partition
between epithelial cells and the interstitial stroma, highlights this. The ECM is a key signaling
mediator and a reservoir of multiple cytokines, chemokines, and growth factors, regulating
their release and presentation to target cells, in addition to their structural integrity and
anchorage. Ultimately, the cytoskeletal apparatus and multiple intracellular signaling
pathways are triggered by the mechanical signals that the ECM delivers to the cells (43).
ECM also regulates cell growth and communication, as well as maintaining cell polarity and
division. Moreover, it also regulates several biological processes related to disease
progression, including increased cell proliferation, apoptosis and hypoxia resistance,

invasion, metastasis, angiogenesis, immune evasion of cancer cells, and stemness (22,45).
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Normally, the ECM is highly organized into sheets that provide resistance and
strength to tissues and organs. However, in pathological conditions, such as cancer, the type
and composition of ECM may differ. This difference depends on the resident cells and the
needs of the specific tissue (20,22,45).

ECM proteins are generally present in both malignant and normal tissues. In normal
tissues, these proteins exhibit a homogenous distribution, in contrast to their highly irregular
and heterogeneous distribution in tumors. Laminin, type | collagen, fibronectin, and
hyaluronic acid are richly present in tumors. In addition to its protein composition, the ECM
also undergoes structural changes in cancer. Tumors are stiffer than adjacent normal tissues.
Cancer cells, together with CAFs and TAMs, modulate the ECM through excessive
deposition of structural components such as collagens, as well as cross-linking enzymes
from the lysyl oxidase (LOX) and transglutaminase families. Collagen and elastin fibers are
reoriented and cross-linked by these enzymes, resulting in larger, more rigid fibrils that
facilitate cell migration, as well as causing a loss of structural organization of the ECM
(22,45).

Mechanical stimuli, including compression, matrix stiffness, and fluid mechanics, are
constantly affecting solid tumors (22). Since the gastrointestinal tract is naturally exposed to
increased endogenous mechanical stress from intestinal transit, this results in a complex
mechanical microenvironment in the case of CRC (45). A dense ECM may also act as a
signaling reservoir for several multiple growth factors and cytokines, activating molecular

pathways that modulate cell behavior (22)

Considering the available research performed regarding cell-ECM interactions, it has
been demonstrated that cells present a different behavior in 2D and 3D cultures. As such,
new models have been developed in an effort to better mimic the native TME. Decellularized
ECMs from native tissues have been widely used (45). Previous research performed by the
group demonstrated that normal and tumor-decellularized matrices, obtained from CRC
patients' surgical resections, distinctly promoted macrophage polarization. Indeed,
macrophages in tumor-derived matrices differentiated towards an anti-inflammatory M2-like
phenotype and exhibited higher levels of CCL18 compared to their normal counterpart.
Matrigel invasion assays revealed that tumor ECM-educated macrophages efficiently
stimulated cancer cell invasion through a CCL18-dependent mechanism. Importantly, we
have also demonstrated that this chemokine is preferentially expressed at the invasive front
of more advanced tumors, at areas where anti-inflammatory macrophages and Tregs are

abundantly located (46).
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CCL18

Immune cells communicate. Chemokines are a large family of low-molecular-weight
chemotactic cytokines, known for mediating immune cell recruitment and lymphoid tissue
development. Chemokines can also, directly and indirectly, impact cancer and endothelial
cells in the TME to regulate tumor cell growth and proliferation, angiogenesis, cancer stem-
like cell properties, invasiveness, and metastasis, and to influence tumor immunity and

cancer progression (47). One of these is CCL18.

CCL18 was first discovered in the late 1990s and was named considering organ-
specific expression and synthesis by specific cell types. It was found to be a highly expressed
gene in the lungs and to be produced by the anti-inflammatory alternatively activated
macrophages. As a result, four distinct names coexisted at the same time: pulmonary and
activation-regulated chemokine (PARC), macrophage inflammatory protein-4 (MIP-4),
dendritic cell chemokine 1 (DC-CK1), and alternative macrophage activation-associated CC
chemokine-1 (AMAC-1). Currently, it is commonly known as CCL18 (48,49).

The human chromosome 17qll1.2 contains the gene encoding this chemokine
(CCL18), which is constituted of 7.2kb divided into three exons and two introns. The
synthesized mature protein has a weight of 78kDa and a length of 69 amino acids, with a
typical structure of a CC chemokine, containing two-disulfide bonds (Cys10-Cys34 and
Cys11-Cys50) required for its activity (49,50). The active biological form can be truncated to
68 amino acids without a terminal alanine at the C-terminus. It is believed that after rodents
and primates diverged, duplicated CCL3-like genes fused to form the CCL18 gene strictly
present in primates. To date, no CCL18 ortholog has been discovered in rodents (48,49).
The absence of a proper animal model has diminished immunologists' interest in this

chemokine signaling and function.

Under normal conditions, CCL18 is expressed in high levels in the lungs, and lower
in lymph nodes, thymus, bone marrow, and placenta. It is present in blood and serum at
approximately 30ng/mL, a significantly higher concentration than most chemokines, and it is

upregulated in pathological conditions, such as inflammatory diseases and cancer (48).

Myeloid antigen-presenting cells (APCs) are the primary source of CCL18. These
include alveolar macrophages, follicular dendritic cells in vivo, monocyte-derived dendritic
cells (DCs), mast cells, eosinophils, and alternatively activated macrophages in vitro.
However, it must be emphasized that CCL18 secretion frequently requires triggering through
specific stimuli. In fact, human-isolated monocytes and DCs do not naturally produce CCL18
ex vivo; however, IL-4, IL-13, IL-33, IL-10, or TGF-B can induce the secretion of CCL18 (51).

Additionally, CCL18 production is also regulated by environmental factors, such as microbial
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infections that cause fibrotic and inflammatory diseases, and allergen exposure (48).
Moreover, macrophage irradiation is described to up-regulate CCL18, while hypoxia and IFN-
y are reported to down-regulate CCL18 expression in DCs and macrophages (51,52).

Chemotaxis, inflammation, and fibrosis are three well-described functions of CCL18
(Figure 4). Human naive T cells, Th2 cells, memory T cells, B cells, immature DCs, NK cells,
basophils, bone marrow progenitor cells, and fibroblasts are all attracted to CCL18 due to its
chemotactic activity. Importantly, CCL18 was the first chemokine to demonstrate a
predominant capacity to attract human Tregs, which suggests CCL18 is a potent regulatory
chemokine. CCL18 acts in order to maintain tolerance and to suppress deleterious
inflammation, under normal and pathological conditions (48,53).

CCL18 also directly affects immunity, fibrosis, cancer cell invasion, and immune
escape. It influences immunity by directly modulating immune cells, as CCL18 promotes
monocytes to dendritic cell differentiation, or by presenting tolerogenic characteristics,
including increasing IL-10 production and the ability to suppress effector CD4*CD25 cell
proliferation. Additionally, CCL18 polarizes memory CD4* T cells into Foxp3* Tregs, which
produce high levels of IL-10 and TGF-B, sustaining CCL18 expression and an
immunosuppressive environment. However, in allergic patients, the immunosuppressive
effect of CCL18 on DCs and on memory T cells is eliminated, possibly as a result of the

reduced tolerance to environmental stimuli observed in these conditions (48,53).

Interestingly, CCL18 appears to have a moderate pro-inflammatory potential in
addition to its anti-inflammatory properties. In particular, although CCL18 drives monocytes
to differentiate into M2-like anti-inflammatory macrophages, they exhibit a mixed pattern of
inflammatory and regulatory characteristics, respectively a high capacity for phagocytosis
and the expression of pro-inflammatory cytokines CXCL8, CCL2, CCL3, and CCL22; and
high IL-10 production. CCL18's dual role is a current matter of debate and investigation, being
also noted in inflammatory diseases. In order to prevent inflammation, CCL18 inhibits
inflammatory responses. However, CCL18 is highly expressed in several inflammatory
disorders, including allergies, asthma, giant cell arthritis, rheumatoid arthritis, or scleroderma
(33,38).

Finally, CCL18 may promote the synthesis of collagen by lung macrophages, skin
and lung fibroblasts, contributing to tissue repair in healthy, or to fibrosis in pathological
conditions. Higher levels of CCL18 were associated with an increased risk of death, lung
function deficit, collagen accumulation, and T lymphocyte infiltration, especially in interstitial
lung diseases like idiopathic pulmonary fibrosis. Due to its relevance, CCL18-related fibrosis
signaling pathways have been described and include protein kinase C a (PKC-a) and
extracellular signal-regulated kinase 1 (ERK1) pathways, or Smad3 and TGF-f activity.
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Accordingly, CCL18 is currently a good prognosis marker in fibrosis-related interstitial lung
diseases. However, more research is needed to determine CCL18’s role and function in other

diseases, such as inflammatory and malignant pathologies (48,53).
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Figure 4. CCL18 expression and roles under physiological and pathological conditions. CCL18 is
mainly produced by anti-inflammatory macrophages and immature DCs, upon activation by microbial
products, specific interleukins, and ECM components, such as vitronectin and hyaluronic acid. Cancer cells
also produce CCL18 (straight, red arrows). The pro-inflammatory cytokine IFN-y is reported to inhibit CCL18
production. CCL18 is described to promote differentiation of M2-like macrophages, tolerogenic DC and
CD25+FoxP3+Treg cells (dashed black arrows) and, to stimulate fibroblast proliferation and collagen
production, promote endothelial cell migration and angiogenesis, stimulate cancer cell invasion (straight,
black arrows), and act as a chemoattractant to naive T cells, Tregs and B cells (dashed blue arrow) (53).

CCL18 Receptors

The CCL18 receptor remained unknown for many years following its discovery.
Recently, three different CCL18 receptors were described: C-C motif chemokine receptor 8
(CCR8) (54), membrane-associated phosphatidylinositol transfer protein 3 (PITPNM3) (55),
and G protein-coupled receptor 30 (GPR30) (56) (Figure 5).

CCR8

CCRS8, formally referred, by the lack of known ligand, as the orphan receptor TER1,
ChemR1, or CKR-L1, is classified as a class A G protein-coupled receptor (GPCR). It was
recognized for its capacity to bind to the CC chemokine 1-309, also known as CCL1. It is
encoded by a gene located in chromosome 3p21, containing 2 exons, that predicts a

polypeptide of 355 amino acids (57-59).

Many chemokines, including CCL1, CCL8, CCL16, and CCL18, can bind to CCR8,
with CCL1 being the only chemokine that exclusively interacts with CCR8. It is highly
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expressed in the thymus, and the spleen, and at residual levels in peripheral blood
lymphocytes (57,58). Numerous cell types, such as Th2 cells, eosinophils, monocytes,

phagocytes, and endothelial cells, express this receptor (57).

It was suggested that CCR8 may exacerbate allergic inflammation and asthma (60—
62), although opposing information has been reported as well (63—65). Additionally, CCR8
may also function as a human immunodeficiency virus (HIV) co-receptor, promoting HIV-1
and HIV-2 infections, at least in vitro (66,67). CCR8 is also expressed on mouse and human
group 2 innate lymphoid cells (ILC2s) and on a subgroup of IFN-y producing intestinal ILCs
(68-70). The CCL1-CCRS axis protects from acute intestinal damage in a mouse model of
experimental inflammation and plays an important role in the homing of lymphocytes to the

healthy skin which is the reason to be crucial in the physiology of this tissue (70,71).

CCRS8 is also associated with cancer. When activated by CCL1, it promotes
angiogenesis, resistance to apoptosis, and cancer cell proliferation and migration, in several
cancer types, including T-cell leukemia, bladder, colorectal, and breast cancer (71). Through
CCL18, CCRS8 stimulates cancer cell migration and epithelial-to-mesenchymal transition
(EMT) in breast, lung, and bladder cancer. This chemokine attaches itself to
glycosaminoglycans on extracellular vesicles, enabling cells that express CCR8 to retain
them (71). A highly enriched and specific pattern of CCR8 expression was also observed in
tumor-resident Tregs, which suppress anti-tumor effector T cell responses (72—74). This
observation was supported by the correlation of reduced xx cancer patients survival with the
presence of CCR8* Tregs in the TME (72,73). Another critical function is the ability of the
involvement of the CCL18/CCR8 axis in the recruitment of Treg cells into the tumor niche
and the subsequent conversion of CD4* T cells into Tregs, unveiling the immunosuppressive

functions of this chemokine (71).

Increased expression of CCR8 influences the prognosis of several cancers. In
glioma, renal, and testicular cancer, it is associated with a worse prognosis. In contrast, in
melanoma, colorectal, head and neck, stomach, pancreatic, cervical, and ovarian cancer, its
higher expression is associated with a better prognosis. No correlation was, however, found

in thyroid, lung, liver, urothelial, prostate, breast, and endometrial tumors (71).

Targeting CCR8 has shown promising therapeutic effects in the treatment of
autoimmune diseases and cancer. The progression of the disease was inhibited in an
experimental multiple sclerosis model when CCR8 in Treg cells was activated via a CCL1-Ig
fusion protein (75). Interestingly, blocking the CCL1-CCR8 axis with an anti-CCL1 or with an
anti-CCR8 antibody enhanced anti-tumor immune responses and reduced tumor burden
(76,77). CCR8-targeted therapy led to Treg depletion and also prevented tumor growth, when

used in parallel with anti-PD-1 therapy, or even in situations where tumors are resistant to
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PD-1 antibody treatment (78). A few small molecules that target CCR8 have been developed
recently. The nonpeptide agonist LMD-009 has a strong affinity for CCR8 in the nanomolar
range and functions similarly to CCL1 in terms of efficacy and potency (57).

Numerous chemical classes of small molecules with agonistic or antagonistic activity
profiles have been discovered as a result of the search for possible therapeutic candidates
and pharmacological tools that target CCR8. These include analogues of phenoxybenzyl,
oxazolidinone, and diazaspiroundecane, as well as naphthalene-sulfonamide based
scaffolds (79).

PITPNM3

PITPNM3, a six-transmembrane receptor, also known as PYK2 N-terminal domain-
interacting receptor 1 (Nirl), encodes a protein belonging to the phosphatidylinositol transfer
protein (PITP) family. It is encoded by a gene located on chromosome 17p13.1, containing
22 exons and, depending on the isoform, the protein encoded by this gene presents
approximately around 930 amino acids (80). This consists of a membrane-bound receptor,
in contrast to PITPNM1 and PITPNMZ2, other family members that are highly enriched in the
Endoplasmic reticulum and in the Golgi complex. The phosphatidylinositol transfer protein
domain (PITP), the acid region/Ca2+ binding domain, the six transmembrane domains, the
DDHD, and the C-terminal domain that interacts with proline-rich tyrosine kinase 2 (PYK2)

are all present in members of the PITP family (81).

Notably, the human PITPNM3 is frequently expressed in distinct tissues, including
the brain, retina, and other neural tissues, but also in spleen, breast, and ovary (82). This
transmembrane receptor transfers phosphatidylinositol and phosphatidylcholine between
membranes, which helps to regulate lipid signaling pathways and the lipid metabolism. It also
interacts with the protein tyrosine kinase PYK2, and takes part in adenosine triphosphate
(ATP)-dependent Ca2*-activated secretion. Furthermore, it interacts with phosphoinositides
to influence important signaling pathways related to modulation of cell survival and growth

and, through its C-terminal region, migration (80,82).

PITPNM3 has been implicated in several cancers, and described to promote cell
migration, invasion, tumor growth, EMT, and metastasis, exhibiting high expression in breast,
pancreatic, ovarian, prostate, and non-small lung cancer, hepatocellular carcinoma, oral

squamous cell carcinoma, and squamous cell carcinoma of the head and neck (55,83).

It frequently facilitates the growth of tumors by acting as a co-receptor for ligands
such as chemokines like CCL18, known to promote tumor progression in lung and ovary
cancer. Upon binding to this chemokine, PITPNM3 may phosphorylate its downstream factor
protein tyrosine kinase 2 beta (PTK2B) via the PTK2B binding domain, which leads to
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metastasis-related signaling pathways activation, such as NF-kB, also associated to EMT
(80,81,84). Moreover, PITPNM3 activation may also cause phosphorylation of the
phospholipase Cyl (PLCyl) and the activation of the protein kinase C-C (PKC() pathway.
The expression of the inositol 1,4,5-trisphosphate 3-kinase isoform B (IP3KB) may also
increase, activating intracellular calcium signaling. It also causes signal transduction within
the JAK2/STAT3 pathway, leading to cancer cell proliferation, migration, and EMT (49). In
parallel, the PI3K-Akt/protein kinase B (PKB) pathway may also activated, playing a role in

cancer cell migration, proliferation, and survival (85).

Given its ability to modulate crucial pathways associated to cell migration, invasion,
and metastasis, PITPNM3 is regarded as a possible target for anti-metastatic treatments.
Strategies to block the interaction between PITPNM3 and CCL18 are being investigated in
order to inhibit cancer cell migration. There have been reports of therapeutic agents that
target PTK2B and CCL18, as the NVP-TAE 226, a small molecular inhibitor. However,
although this compound can inhibit the PTK2B, it appears to be a non-selective tyrosine
kinase inhibitor since it also inhibits the insulin-like growth factor 1 receptor (IGF1R), the
platelet-derived growth factor receptor (PDGFR), the fibroblast growth factor receptor
(FGFR), and the cyclin-dependent kinase 1 (CDK1) (81). Several attempts are currently
being considered towards the development of more specific inhibitors targeting the PITPNM3

receptor and its downstream associated signaling pathways.
GPR30

GPR30, also referred to as G protein-coupled estrogen receptor 1 (GPERL1), is a
receptor that exerts rapid signaling activities. It is categorized as a membrane-bound protein,
member of the GPCR family, localized at the plasma membrane and in membranous
organelles, such as the endoplasmic reticulum and Golgi apparatus. The gene coding for
GPR30 is located on the chromosome 7p22.3, contains 3 exons, and encodes a 375 amino
acid protein (86,87). As a GPCR, GPR30 presents seven transmembrane domains with an
extracellular N-terminal region. The C-terminal region is cytoplasmic and interacts with
hydrolases of nucleotide guanosine triphosphate (GTPases) or trimeric G-protein. Estrogen
response elements (ERES) in the promoter region enable the binding of estrogen, which then

modulate gene transcription (86,87).

Adaptive and innate immune response cells including circulating B and T
lymphocytes, monocytes, macrophages, neutrophils, eosinophils, and DCs are reported to
express GPR30. The binding of estrogens to this receptor leads to conformational changes
that lead to the phosphorylation of the C-terminal region, which acts as docking sites for
additional proteins binding. Generally, trimeric G-proteins are then recruited, become on their

turn also phosphorylated and activate several downstream signaling pathways, stimulating
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adenylate cyclase and increasing cyclic adenosine monophosphate (AMP) levels. It also
facilitates intracellular calcium mobilization and synthesis of phosphatidylinositol 3,4,5-
trisphosphate (PIP3). Furthermore, it stimulates Src proteins and promotes MMP-2/9
activation, which may cleave surface bound Heparin-bound Epidermal growth factor (HB-
EGF) and lead to epidermal growth factor receptor (EGFR) transactivation. In order to
increase the expression of multiple genes connected to cell survival, proliferation,
differentiation, migration, and invasion, GPR30 can also activate mitogen-activated protein
kinase (MAPK) and PI3K/Akt in succession. Several tissues, such as the heart, kidneys, liver,
brain, vascular system, and reproductive organs, express GPR30. It is essential for
numerous biological processes, including bone and nervous system development,

metabolism, cognition, reproductive health, cardiovascular, and uterine functions (86,87).

GPR30 can bind to any of the three physiological forms of estrogen: estriol, estradiol,
and estrone. Estriol appears to act as an antagonist for this receptor, while estrone and
estradiol act as agonists (87). Estradiol and estrogen receptor a (ERa) inhibitors, including
tamoxifen, fulvestrant, raloxifene, aldosterone, and natural substances like kaempferol, can
activate GPR30, triggering tissue-specific signaling. There have also been descriptions of
synthetic ligands, such as G-1, which is a selective agonist that works to activate GPR30
without interfering with the function of the classical nuclear estrogen receptors (ERa and
ERB). Thus, given its specificity, G-1 become a crucial tool in the investigation of GPR30
function and possible therapeutic applications, particularly in the treatment of cancer and
cardiovascular illnesses. Additionally, G36 is described as a selective antagonist of GPR30.
This synthetic ligand blocks the receptor and prevents it from being activated by other
ligands, endogenous or synthetic, becoming useful to differentiate GPR30-specific signaling
effects (86,87).

As GPR30 responds to estrogen, it may contribute to the protective effects
associated with estrogen in cardiovascular diseases. Additionally, this receptor can be
connected to diseases such as diabetes and obesity, since it also affects insulin secretion

and glucose metabolism (87).

Tumor progression has also been associated with GPR30 expression, especially in
hormone-sensitive cancers. Depending on the type of tumor, it may show tissue-specific
activity that is either pro- or anti-tumoral. The level of the receptor varies according to its
function; in gastric, ovarian, and hepatic cancer, for example, when it exhibits anti-tumoral
activity, its expression is lower than in normal tissues. Activation or overexpression correlates
to decreased tumorigenic properties, which supports the anti-tumoral role of GPR30 in these
cancer types. An example is that its activation inhibits the growth of malignant cells through
GPER/ERK signaling in hepatocarcinoma and xenograft models. Additionally, histone H3

deacetylation and promoter methylation have also been linked to the low expression of this
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receptor in the hepatocarcinoma model. Moreover, tamoxifen-induced GPR30 activation
reduces the anti-inflammatory macrophage phenotype and suppresses pancreatic cancer

proliferation, migration, and invasion while controlling the tumorigenic milieu (86).

GPR30is also described to contribute to carcinogenesis. Despite intracellular GPR30
is primarily found on the endoplasmic reticulum, receptor cytoplasmic location has been
linked to an advanced stage of cancer. Increased expression of GPR30 in cancer cells and
tissues promotes cancer development, serving as an indicator of predictive poor prognosis.
This occurs in lung, prostate, cervical, glioblastoma, and breast cancer models. The
expression of cell adhesion molecules, MMPs, focal adhesion (FA) pathway genes, cyclin
D1 (CCND1), anti-apoptotic protein B cell lymphoma (Bcl-2), and TFs have been linked to

GPR30 activation in tumorigenic cells (86).

In CRC, GPR30 presents dual activity, associated to gender, depending on estrogen
levels. Men with higher levels of GPR30 had a better prognostic outcome, while women
showed the opposite effect. In contrast, in vitro studies have shown that GPR30 activation,
which promotes cell migration and proliferation, is connected to CRC. Conversely, the
receptor and GPR30-induced gene expression are subject to epigenetically controlled

processes that require further investigation (86) .

This receptor is also associated to CCL18 in acute lymphocytic leukemia B. However,
this binding does not result in direct signal transduction. Instead, it only disturbs the signal
transmission from the receptor for the CXCL12. This reduces the chemotaxis and

proliferation of tumor cells with a high expression of the CXCL12 chemokine (56).
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Figure 5. CCL18 receptors and signaling pathways in cancer cells at the tumor microenvironment.
Until now, the known receptors of CCL18 are PITPNM3 (orange), GPR30 (blue), and CCR8 (green) and
upon binding with CCL18 signaling pathways such as PI3BK/AKT/mTOR, Ras, Pyk2/Src/FAK are activated.
Consequently, cellular responses related with cancer progression are triggered, namely, cell growth, survival
and proliferation, EMT, migration, invasion, stemness, cytoskeleton reorganization, ECM adherence, and
therapy resistance. Created with Biorender.com.
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CCL18 in Cancer

The invasion of neighboring tissues is the initial stage of metastization and a required
step for latter vessels intravasation, extravasation, and metastasis. This entails significant
cellular alterations, many of which are aided by EMT reprogramming. These changes include
cytoskeleton reorganization and alteration in the cell-matrix adherence, culminating in
increased migration, increased proteolytic activity of ECM components, and inhibition of
cancer cell apoptosis (88). It is reported that CCL18 influences all these processes (Figure
5), culminating with an association with increased metastasis and subsequently lower
survival (83,84,89-93).

At the TME, CCL18 is produced in large amounts by TAMs, however, CAFs and
cancer cells can also produce this chemokine, even if in smaller amounts, creating an anti-
inflammatory microenvironment rich in CCL18, where it may act in an autocrine manner,

sustaining immunosuppression (94,95).

CCL18 is described to influence cancer cell proliferation but this effect is dependent
on the type of tumor. In non-small cell lung cancer cells and pre-B acute lymphocytic
leukemia cells, CCL18 reduces cancer cell proliferation (56,96). In contrast, in breast cancer,
diffuse large B cell lymphoma, ovarian cancer, osteosarcoma, urothelial carcinoma, and
glioma, this chemokine increases the proliferation of cancer cells (90,91,97-100). Moreover,
CCL18 does not seem to affect the proliferation of gastric cancer, pancreatic ductal

adenocarcinoma, multiple myeloma, and glioblastoma multiforme cells (92,93,101,102).

CCL18is described to induce EMT in tumor cells (46). During this transition, epithelial
cells lose their polarity and adhesion and gain migratory and invasive properties (103).
CCL18 has been demonstrated to induce EMT in many cancers, including hepatocellular,
pancreatic, lung, breast, and bladder cancers, by activating the TFs Slug and Snail 1
(84,93,104-108), which in turn regulate promoter activation and gene transcription. The up-
regulation of Slug depends on the mammalian target of the rapamycin mTOR signaling
pathway (107).

Other effects that CCL18 are stimulation of cancer cell adherence, migration, and
invasion, as seen in breast, pancreatic, ovarian, gastric, prostate, and bladder cancer,
hepatocellular carcinoma, osteosarcoma, oral squamous cell carcinoma, multiple myeloma,
glioblastoma multiforme, and glioma (84,93,100-102,108-110). PITPNM3 appears to be the
major receptor involved in these CCL18-induced activities. In fact, PITPNM3 activation by
CCL18 was associated with NF-kB signaling, and the activation of focal adhesion kinase
(FAK), Pyk2, and Src. Other pathways are also involved such as protein kinase B (Akt), and
PI3K (49).

45



PITPNM3 activation by CCL18 also results in the induction of angiogenesis, which is
closely related to the migration and metastasis of cancer cells. In this case, CCL18 and VEGF
synergistically promote endothelial cell migration and angiogenesis in breast cancer (111).
Moreover, in bladder cancer, CCL18 causes an increase in the production of VEGF-C and
MMP-2, which are factors involved in lymphangiogenesis, being this process dependent of
CCRS8 (104).

CCL18 as a Tumor Marker

Given its enhanced expression and importance in the cancer context, CCL18 is
considered a marker of malignant diseases. Research has shown that tumor tissues have
higher expression of CCL18 compared to normal ones in tumors such as cutaneous basal
cell carcinoma, glioma, breast cancer, and glioblastoma multiforme (102,112-114).
Additionally, cancer patients have higher CCL18 serum concentration, especially in cases of
T-cell acute lymphoblastic leukemia, breast cancer, cutaneous T-cell lymphoma, laryngeal
squamous cell carcinoma, non-small cell lung cancer, ovarian cancer, pancreatic ductal
adenocarcinoma, prostate cancer, and multiple myeloma. Higher urinary CCL18
concentration were also found in bladder cancer patients, than in healthy individuals
(93,101,114-123). Notably, CCL18 levels were described to be proportional to the degree of
disease development, including tumor stage, Ki67 proliferation marker expression, and
presence of lymph node metastasis (101,114,118,124,125). Regarding association with
patients’ prognosis, in cancers like breast cancer, cutaneous T-cell lymphoma, laryngeal
squamous cell carcinoma, lung cancer, oral squamous cell carcinoma, ovarian cancer,
osteosarcoma, pancreatic ductal adenocarcinoma, esophageal squamous cell carcinoma,
uveal melanoma, and multiple myeloma, increased levels of CCL18, in the tumor or the
serum, reflected worse prognosis (89-91,93,101,117-120,126-129). In contrast, gastric
adenocarcinoma is associated with a better prognosis (130). An exception is non-small cell
lung cancer, in which a greater infiltration of CCL18-producing cells is associated with a better
prognosis, although the level of this chemokine in the plasma has been, paradoxically,

associated with a worse prognosis (118,131).

In CRC the minimum available information is contradictory. Higher levels of CCL18
have been associated with a better prognosis, however, our group found that macrophage-
produced CCL18 stimulates CRC cell invasion in vitro (46,132). In this work, normal and
tumor-decellularized matrices, obtained from CRC patients' surgical resections, distinctly
promoted macrophage polarization. While over normal matrices, monocytes differentiated
into pro-inflammatory macrophages, in tumor-derived matrices monocytes differentiated
towards an anti-inflammatory phenotype, characterized by high expression of the
immunosuppressive molecules IL-10, TGF-$3, and CCL18, and lower expression of CCR7

and TNF, both characteristic markers of pro-inflammatory macrophages (46). Matrigel
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invasion assays revealed that tumor ECM-educated macrophages efficiently stimulated
cancer cell invasion through a mechanism involving CCL18. Importantly, we also found that
this chemokine is preferentially expressed at the invasive front of more advanced colorectal

tumors (stage Il and stage 1V) (46).

In summary, the potential of CCL18 as a diagnostic and prognostic biomarker in
various cancers is evident. Nevertheless, the possibility of CCL18 premature detection in
patients' blood or serum, specifically in pre-malignant lesions, requires further investigation

as it could be helpful in early diagnosis.
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Chapter 2: Aim

The sequence of events leading to the development of tumor cell invasion and
metastasis is of primary importance in the prognosis of cancer patients, considering that
secondary tumors in distant organs are largely responsible for cancer mortality and morbidity.
It is well described that CCL18 influences several of these events, in various cancer types,
being considered an important factor in cancer progression and prognosis, and suggested
as a potential therapeutic target (49). However, in CRC, little is known about the effect of this
immunosuppressive chemokine on tumor cells. Our group has previously demonstrated that
when monocytes were seeded over tumor-decellularized matrices, derived from CRC
patients' surgical resections, they differentiated as anti-inflammatory macrophages,
expressing high levels of CCL18 (46). Interestingly, we reported that this immunosuppressive
chemokine was secreted and able to stimulate colon cancer cell invasion and that was
expressed at the invasive front of more advanced colorectal tumors. However, the inherent
mechanism of action was not explored and remains to be understood. Furthermore, we also
described that CCL18 stimulates the phosphorylation of EGFR and of its associated
downstream partners, FAK, Src, Akt, and ERK. However, EGFR has never been described
as a putative CCL18 receptor and other three canonical cell membrane receptors as GPR30,
PITNM3 and CCR8 were appointed as CCL18 receptors in other conditions (53).

Therefore, this project aims to understand and identify the exact mechanisms by
which CCL18 influences cancer cell behavior and to identify its putative receptor. To

accomplish that, three major tasks were established:

Task 1 — Disclose the impact of CCL18 on invasion-associated activities in vitro.

Invasion can result from enhanced cell migration and/or proteolysis of underlying
ECM components. After invading, tumor cells aim to metastasize, and, to do so, they need
to proliferate and to escape immune recognition to form a sustainable secondary tumor. With
this in mind, we decided to explore, in this first task, the influence that CCL18 may have on
cancer cell invasion, migration, and cell cycle, as well as its ability to induce matrix

metalloproteases activity.

Task 2 — Dissect the impact of CCL18 on tumor growth and angiogenesis in vivo.

Exacerbated tumor growth leads to deficient nutrient availability, exposure to toxic
metabolites, and low oxygen levels, which overall stimulates the formation of new blood
vessels (neoangiogenesis), facilitating nutrient and oxygen acquisition for the cells within the

tumor. Therefore, in this second task, we aimed to assess the in vivo effect of CCL18,
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studying the impact of this chemokine on tumor growth, neoangiogenesis and invasion

through the chorioallantoic membrane of fertilized chicken eggs.

Task 3 — Identify the CCL18 receptor(s) and signaling pathways in CRC cell lines.

Lastly, although we know that CCL18 influences tumor cells to invade, we are still
unsure of the exact mechanism. As such, in this third task, we seek to identify the CCL18
receptor in our CRC cell lines and the associated signaling pathways of action. In order to
achieve this, we decided to follow an educated-guess and a search approach. Through the
first strategy, we aim to inhibit the previously described canonic CCL18 receptors (CCR8 and
PITPNM3) and to understand the functional implications of their absence. Through the
second strategy, we aim to carry out a pull-down assay using CCL18 as a decoy, following
through a detailed proteomic analysis to understand which proteins are expressed upon the
interaction between CCL18 and our cancer cells.
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Chapter 3. Materials and Methods

3.1. Cell Culture

RKO and HCT-15 cell lines, derived from human colon adenocarcinomas, were
purchased from the American Type Culture Collection (ATCC, USA). CRC cells were
cultured at 37°C, under a 5% CO; humidified atmosphere, in RPMI 1640 GlutaMAX™
Medium (Gibco, USA), supplemented with 10% fetal bovine serum (FBS) (Labclinics, Spain)
and 1% penicillin-streptomycin (P/S) (Biowest, USA) (referred as complete RPMI 1640

medium).
3.2. Invasion Assay

The impact of CCL18 on RKO or HCT-15 (wild type or CRISPR-Cas9 CCR8K°) cell
invasion was evaluated using Matrigel invasion assays. Therefore, 5x10* cells were seeded
into the upper compartment of BD BioCoat™ BD MatrigelTM Invasion Chamber, of 8.0 um
pore-size PET Membrane filters, preinserted into 24-well cell culture plates (Ref: 354480, BD
Biosciences, USA). These cells were treated or not with 10ng/mL of rhCCL18 in complete
RPMI 1640 medium, at the moment of the seeding. At the lower compartment, only complete
RPMI 1640 medium was added. A positive control of conditioned media from anti-
inflammatory human macrophages (treated with 10ng/mL of IL10 for 72h) was also integrated
into the experiments, in the lower compartment, in a proportion of 1/3 of the final volume.
After 24h of incubation at 37°C and 5% CO, filters were washed in phosphate-buffered saline
(PBS) 1x, and fixed in 4% paraformaldehyde (PFA) (Sigma-Aldrich, USA). Non-invasive
cells, present in the filter upper compartment, were scrabbed while, after washing in PBS 1x,
invasive cells adhered at the filter lower compartment were counterstained with DAPI (Vector
Laboratories, USA). Invasive cells were then scored, in at least 12 microscopic fields (20x
objective) using a Zeiss Axiovert 200M microscope (Carl Zeiss, Germany). The invasive ratio

was calculated relatively to unstimulated cells.
3.3. Cell Migration

In this work, two types of cell migration were evaluated: a collective wound-healing
and single-cell assays, where cells move collectively as an assembly of multiple cells or

individually, respectively.
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Wound-Healing

This assay was performed on 24-well plates (SPL, Korea). While RKO cells were
seeded at a density of 4x10% cells/well, HCT-15 cells were seeded at a density of 7x10°
cells/well, to reach confluency at 72 hours (h) and 16h, respectively. Then, a gap was
manually created using a 10pL pipette tip. The media was removed, and new media with 1%
FBS and 1ng/mL or 10ng/mL of recombinant human CCL18 (rhCCL18) (Ref: 256089,
Abcam, UK) was added. For the experiments with 1ng/mL of CCL18, the gap was monitored
for 18h, and images were recorded every 10 minutes (min), in areas selected in the middle
of the well, using Operetta CSL (Rewvity, USA). For the experiments with 10ng/mL, the gap
was monitored manually, with images recorded every 3h through an inverted microscope
(Olympus), in areas also selected in the middle of the well. This sequential imaging allowed
to register the progress of collective cell migration over time, until gap closure through cell-
cell contact inhibition. The percentage (%) of gap closure was evaluated using the

Wound_healing_size_tool plugin in ImageJ.
Single-Cell

RKO and HCT-15 cell lines were seeded into 24 Well Black ID 14mm ibiTreat plates
(Ibidi, Germany) at a 5x10% cells/well density, in RPMI 1640 supplemented with 1% FBS and
1% P/S and incubated at 37°C, under a 5% CO; humidified atmosphere. After 6h, 1ng/mL or
10ng/mL of rhCCL18 was added to each well. Individual cells trajectories were then tracked
for 15h (for 1ng/mL) and 20h (for 10ng/mL) and images were acquired every 10min using
Operetta CSL (Rewvity, USA). Accumulated migratory distance (um), cell displacement (um),
cell speed (um/sec), and straightness of movement were evaluated using Harmony 5.2
software (Rewvity, USA).

3.4. Cell Cycle

Cell proliferation was evaluated through the assessment of cell cycle phases (G1, S,
G2, M). For that, RKO and HCT-15 cells were seeded into 24-well plates (SPL, Korea), with
a 2x10* cells/well density. After 48h, 10ng/mL of rhCCL18 or equivalent volume of complete
RPMI 1640 medium were added to the wells. Upon 72h, cells were detached and separated
as a single cell suspension in FACS buffer (PBS, 2% FBS, and 0.01% sodium azide). After
fixation with 70% ethanol, cells were washed twice in FACS buffer, treated with RNase (50uL
of 100ug/mL stock, Thermo Fisher Scientific, USA) for 15min, to ensure that only DNA would
be stained, and washed again twice. All these steps were performed at 4°C. Before
analyzing, propidium iodide (PI) (1pL of 100pg/mL stock, BD Pharmingen™, USA) was

added to samples, as a viability dye. Then, around 2x10° cells were acquired on FACS Canto
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Il Flow cytometer (BD Biosciences, USA), using FACS Diva Software. Cell cycle phases were

evaluated with FlowJo software.
3.5. Gelatin Zymography

Invasion assay-derived conditioned media was analyzed by gelatin zymography to
evaluate MMP-9 and MMP-2 activity. Protein content was determined by Dc Protein kit (Bio-
Rad, Portugal). 10ug to 20ug of protein were mixed with sample buffer (10% sodium dodecyl
sulfate (SDS), 4% sucrose, and 0.03% bromophenol blue in 0.25 M Tris—HCI, pH 6.8), loaded
and separated on 10% polyacrylamide gels containing 1% of bovine gelatin (Sigma-Aldrich,
USA) as substrate. Proteins were separated by electrophoresis at 100V. Following, gels were
washed twice, to remove the SDS remnants, with a washing solution of 2% Triton X-100
(Fisher Bioreagents, USA), and once with deionized water. Gels were then incubated for 16h
at 37°C in MMP substrate buffer (50 mM Tris—HCI, pH 7.5, 10 mM CacCl,, and 0.5% NaNy).
After this, gels were rewashed with deionized water and stained with Coomassie Brilliant
Blue R-250 (Sigma-Aldrich, USA) solution (0.1% Coomassie blue; 10% acetic acid; 40%
methanol) for 20min with agitation. After staining, the Coomassie solution was removed, and
de-staining solution (10% acetic acid and 20% methanol) was added to the gels under
agitation, to increase contrast. Gels were scanned (Bio-Rad) and stored in deionized water.
MMPs molecular weight and activity were estimated by densitometric band analysis using

the ImageJ software.
3.6. CAM Assay

Tumor growth and stimulation of angiogenesis were evaluated using the
chorioallantoic membrane (CAM) model. This assay is performed in association with chick
embryo development. Upon arrival, the eggs were cleaned with 70% ethanol, to eliminate
dirt and residues in the eggshell. Then, they were placed laterally in autoclaved paper racks
and incubated at 37°C and 5% CO.. At day 3 the eggs were removed from the incubator and
a window was made. With a closed scissor, the wide base of the egg was punctured
diagonally and 2.5 to 3mL of albumin was removed, to detach the CAM from the eggshell. A
piece of transparent scotch tape was placed on top of the egg to form a window, and a small
rectangle was made (1x2cm). Unfertilized eggs were discarded, and the window and the cut
in the lateral of the egg were sealed in the viable ones. The eggs were returned to the
incubator. At day 10, the CAM covers all the area beneath the window, thus a highly
vascularized site was chosen, and a silicone ring was placed on top of it. RKO and HCT15
at a density of 1x10° cells/egg and resuspended in 5uL of Matrigel (Ref: 356231, Corning,
USA) were seeded into the ring. Cells were inoculated with 20ng/mL of rhCCL18 or with

equivalent volume of complete RPMI 1640 medium. At day 13, the embryos were euthanized,
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the rings were removed and the CAM surrounding the inoculation site was dissected. The
images were acquired from the perspective of the embryo, with the CAM on top of the tumor.
The tumor growth and the number of new vessels formed and intersecting the are of the

silicone ring were evaluated using ImageJ.
3.7. Immunohistochemistry Analysis

For histological analysis, CAMs were fixed in 10% neutral-buffered formalin,
embedded in paraffin slide sections, and stained with hematoxylin-eosin. In order to
characterize the phenotype of the CAM tumors, slides that displayed the tumors were also
processed for cytokeratin immunohistochemical detection. Briefly, the sections were
dewaxed, rehydrated, and then endogenous peroxidase activity was blocked with 3% H202
in methanol for 30 minutes. After, sections were incubated for 30 minutes with normal rabbit
or swine serum diluted 1:5 in PBS containing 10% BSA, followed by incubation with the
monoclonal antibodies overnight at 4°C. Then, incubation with biotinylated rabbit anti-mouse
and swine anti-rabbit secondary antibodies (DAKO, Denmark) was done for 30 minutes at
RT. After, avidin/biotin complex detection (Vectastain, USA) was performed. Staining was
performed with 3,3'-diaminobenzidine tetrahydrochloride (Sigma-Aldrich, USA) containing
0.02% hydrogen peroxide and Mayer's hematoxylin was used for counter-staining of the
nucleus. Cytokeratins AE1/AE3 1:300 monoclonal antibodies were employed, and antigen
retrieval was achieved with citrate buffer pH 6.0. A blind evaluation of tumor invasion was
conducted by two independent observers. The semi-quantitative evaluation considered the

quantity of human AE1/AE3 labeled cells in the CAM mesenchyme.
3.8. CRISPR-Cas9

To knockout (KO) the putative CCL18 receptors, we employed the Clustered
Regularly Interspaced Short Palindromic Repeats (CRISPR)-Cas9 system following a
protocol adapted from Ran et al. 2013 (133), as described below.

Guide Selection and Reconstruction

Appropriate single-guide RNAs (sgRNAs) for deletion were designed (Table 1). For
that, the gene coding sequences of interest were checked in the UCSC Human Genome
Browser tool. All guides were selected considering the following parameters: MIT Specificity
Score, which gives information regarding possible off-targets; and Doench/Fusi 2016 score,
which shows how efficient the gene editing might be. The Expasy Translate tool was used to
verify the functional effect of the predicted deletions in terms of protein expression.
Commercially acquired sgRNAs were eluted with autoclaved dH»O for a final concentration

of 100puM according to the manufacturer’s instructions (Invitrogen, USA).
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To generate the sgRNAs expression constructs, a plasmid-based procedure was
chosen. First, for each pair of sgRNAs, a polymerase chain reaction (PCR) reaction was
performed, with the program: 37°C for 30min, followed by 95°C for 5min, and to finalize, the
temperature decreased for 5°C/min until 25°C. The phosphorylated and annealed oligos were
then diluted 1:200 in dH.O. Afterwards, the sgRNAs were cloned into the pSpCas9(BB)-2A-
GFP vector (Ref: PX458, Addgene, USA). For that, a mixture of the following components
was prepared for each pair of guides: PX458 (100ng), annealed sgRNAs, Tango buffer 10X
(Thermo Fisher Scientific, USA), DTT (10mM) (Invitrogen, USA), ATP (10mM) (Thermo
Fisher Scientific, USA), FastDigest Bbsl (Thermo Fisher Scientific, USA), T4 DNA ligase
(Thermo Fisher Scientific, USA), and dH20. The cloning was performed through PCR in 6
cycles of the following program: 37°C for 5min and 21°C for 5min.

Table 1. Guide and Primer Sequences to target CCR8 and PITPNM3.

Primer Primer Sub-
Gene Guide/Primer Sequence 5’- 3’ (©
Category @ Category ®
Top AGATGTATACCTCTTGAACC
SgRNA — Upper
Bottom GGTTCAAGAGGTATACATCT
Top TTTCTGGGTCCCATTCAACG
SgRNA — Lower
CCRS Bottom CGTTGAATGGGACCCAGAAA
. Forward TGGTCATCCTGGTCCTTGTGG
Wild-Type (WT)
Reverse GCTGTTGGCTTATGCTACATCC
) Forward CAGTGGGTGTTTGGGACTGT
Pioneer (PN)
Reverse CCTGATGGCCTTGGTCTTGT
Top
SgRNA — Upper CGGACACATCGAAGTCAAAG
Bottom CTTTGACTTCGATGTGTCCG
Top TCGGACAGCATGGCACCCGT
SgRNA — Lower 5
ottom
PITPNM3 _ y ACGGGTGCCATGCTGTCCGA
orwar
Wild-Type (WT) CCACTCCAGCGTGCTAAAGGAT
Reverse GATCCTCTTGCTTCCCCACCA
. Forward ACAGCTTCTTCCATTGCGCAG
Pioneer (PN)
Reverse CAGGGGCATCCAGAAGTGGC

(a) Depletion requires two cut regions with two pairs of sgRNAs: “upper” (double-strand 5’-3’) and “lower”
(double strand 3’-5’).

(b) DNA double strands named as “top” (single-strand 5’-3’) and bottom (single-strand 3'’-5).

(c) In orange, the complementary sequence of the sgRNA scaffold with Bbsl restriction enzyme; in blue, an

extra “G” and the complementary “C”; in black, the oligos’ (sgRNAs and primers) sequences.
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Vector Production by Transformation of Competent Bacteria

Sterile petri dishes were coated with 15mL of Luria-Bertani (LB) agar (Invitrogen,
USA) supplemented with 100pg/mL Ampicillin (selection antibiotic; Invitrogen, USA) for
bacterial culture, and left at room-temperature (RT) to polymerize. After, 2uL of the cloning
reaction was added to 25pL of ice-cold chemically competent E. coli strain Stbl3 (Invitrogen,
USA) and incubated on ice for 30min. In order to create pores in the membrane to allow DNA
entrance, cells underwent heat shock at 42°C for 45 seconds and then immediately placed
on ice for 2min. Super Optimal broth with Catabolite repression (SOC) medium (Invitrogen,
USA) was added to cells that were subsequently left to recover at 37°C for 1h, for bacterial
stabilization to allow vector expression that confers antibiotic resistance. Cells were added
to the LB agar-coated plates previously prepared and spread homogeneously. Plates were
incubated for 16h at 37°C to allow colony formation. Afterward, two isolated colonies were
picked from each condition to expand into a falcon tube with LB medium with ampicillin
overnight at 37°C under agitation (~180rpm). Bacterial DNA was extracted using the
NZYMiniprep kit (NZYTech, Portugal) and quantified using Nanodrop 1000 (Thermo Fisher
Scientific, USA). DNA was prepared for Sanger sequencing, to check for the correct insertion
of sgRNA by PCR reaction (Table 2). Afterward, the PCR product was purified using

Sephadex columns, and the plasmid sequence was confirmed by Sanger sequencing.

Table 2. Conditions of Sequencing PCR reaction.

PCR cycling step Temperature (°C) Protocol run time Cycle Repeat
Denaturation 96 1 minute 1x
Denaturation 96 10 seconds

Annealing 50 5 seconds 25x
Extension 60 4 minutes
Hold 4 0 1x

Transfection

RKO and HCT-15 cell lines were seeded in 6-well plates at a concentration of 4x10°
cells/well, and allowed to adhere for 24h. After that, cells reached a confluency of around
70%, which was suitable for a transient transfection with 4ug of plasmid DNA. Transfection
was performed using Lipofectamine 2000 (Invitrogen, USA) as the transfection agent
combined with serum-free Opti-MEM medium (Gibco, USA) in a proportion of 1,5uL
Lipofectamine per 1ug plasmid DNA. After 16h, the transfection medium was replaced with
fresh-supplemented complete RPMI 1640. After 48h, transfection was confirmed by
identifying green fluorescent protein (GFP)-positive cells using ZOE Fluorescent Cell Imager
(Bio-Rad, USA). DNA was extracted using the ExtractMe DNA Tissue Kit (Blirt S.A, Poland)
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and quantified using Nanodrop 1000 (Thermo Fisher Scientific, USA). To confirm the plasmid

DNA internalization by the cells a PCR reaction was performed (Table 3).

Table 3. PCR extension times for CCR8 and PITPNMS3.

PCR cycling step Temperature (°C) Protocol run time Cycle repeat
Denaturation 95 5 minutes 1x
Denaturation 95 30 seconds

Annealing 60 30 seconds
35x
Extension 72 CCR8 -1 second
PITPNM3 — 7 seconds
Extension 72 5 minutes 1x
Hold 12 oo o0
Sorting

Upon transfection with the plasmid DNA for 48h, RKO and HCT-15 cells were
detached using accutase (GRISP, Portugal) and washed with PBS 1X. Live-dead (1:10000
in cold PBS; eBiosciences, Germany) was added to the cells, as a viability dye. After a 30min
incubation in ice, under agitation, cells were washed with cold FACS Buffer. The pellet was
resuspended in cold FACS Buffer, filtered, and placed in the sorting tube (10 million cells per
1mL). Cells were sorted using FACS Aria Il (BD Biosciences, USA) into 96-well plates with
50uL of supplemented RPMI 1640. In each well was placed 1 cell, except for a well control
that was sorted with 100 cells. After 7 days, wells with dead cells and more than one clone
were excluded. Without removing the old medium to avoid detaching the clones, 100uL of
new medium was added to wells until the formation of a concise clone. Autoclaved water with
P/S was added to interstices to delay the evaporation of the medium. Every two days, the
clones were monitored until they reached 95%-100% confluency when they underwent
trypsinization and plated first into 24-well plates and then into 6-well plates. At this point, part
of the cells from each well were collected for DNA extraction for KO confirmation, while the
other part was maintained in culture. Those clones of KO confirmation were further expanded
to frozen stocks in liquid nitrogen, to lysates to confirm reduction of protein expression by

western blots, or to functional invasion assays.

3.9. Proteomic crosslinking assay

Coating of the magnetic beads

For the preparation of the beads, 20x10® Dynabeads™ M-450 Tosyl-activated
(Thermo Fisher Scientific, USA) were washed twice with Washing Buffer 1 (0.1M phosphate

56



buffer, pH 7.4-8). Then, the beads were incubated with 10ug of rhCCL18 for 1h30min at RT
with agitation (1000rpm). Following incubation, Buffer 1 containing 1% bovine serum albumin
(BSA) (final concentration of 0.167% BSA) was added to the beads and incubated overnight
at 37°C with agitation (1000rpm) to ensure thorough protein binding. The beads were
subsequently washed twice with 20mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) and incubated for 2h at RT in 25mM bis(sulfosuccinimidyl)suberate (BS3)
crosslinker (Thermo Fisher Scientific, USA) diluted in 20mM HEPES. After this period, the
beads were washed with Buffer 3 (0.2 M Tris, 0.1% BSA, pH 8.5) and subjected to further
incubation overnight at RT (1000rpm) to deactivate any remaining free tosyl groups on the
beads. Afterwards, the beads were washed with Buffer 2 (PBS with 0.1% BSA and 2mM
EDTA, pH 7.4), and the correct binding of proteins to the beads was verified by flow cytometry
using anti-human CCL18 (Ref: 300057, Abcam, UK]). Coated beads were stored in the same
buffer at 4°C until further use (normally for up to 1 week).

Conjugate formation and Synapse isolation

For tumor cell line-coated bead conjugation, the SW480 and RKO colon cancer cells
were resuspended in Imaging Medium (RPMI Medium 1640, glutamine and no phenol red,
Gibco, USA) and added in a 1:1 ratio with CCL18-coated beads for 60min at 37°C with
agitation (1000rpm). Following confirmation of successful conjugation via microscopy, by
visualizing the beads in the cells’ surroundings, the tumor cell-bead conjugates were
transferred to ice and subjected to several washes with cold cytoskeletal buffer (CSK buffer;
300mM sucrose, 100mM sodium chloride, 10mM piperazine-N,N'-bis(2-ethanesulfonic) acid
(PIPES), pH 6.8, 3 mM magnesium chloride) to remove unbound cells. The conjugates were
resuspended in a fresh buffer containing CSK buffer supplemented with 0.5% Triton X-100
and protease inhibitors, followed by sonication in optimized cycles (15sec on, 15sec off for 3
cycles). Consecutively, the conjugates underwent a repetitive washing process with CSK
buffer containing 0.5% Triton X-100 to eliminate any residual cellular debris. Afterwards, the
proteins bound to the beads were eluted with 20uL of Loading buffer for 30min at 70°C with
agitation (1000rpm). The beads were discarded, and the eluates were stored at -20°C for up

to one week.
In-gel digestion

The eluates were loaded into electrophoresis gel wells, and after electrophoresis, the
gel was stained with a Zinc Reversible Stain Kit for protein quantification. Gel bands, excised
into 1 to 2mm pieces, were dissolved in Tris-glycine buffer (25mM Tris, 192mM glycine, pH
8.0) and washed three times with Milli-Q water for 10min each. Thenceforth, the gel pieces
underwent dehydration with acetonitrile (ACN) (LC-MS Grade) for 5-10min. In turn, disulfide
bonds were reduced by rehydrating the gel pieces in 20mM dithiothreitol (DTT) (Sigma-
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Aldrich, USA) at 56°C for 30min, followed by another dehydration step with 100% ACN. To
prevent reoxidation of disulfide bonds, the gel pieces were rehydrated with 55mM
iodoacetamide (IAA) (Sigma-Aldrich, USA) for 20min in the dark at RT, then washed with
100mM ammonium bicarbonate and dehydrated once more. When the conditions were met,
enzymatic digestion was carried out by adding 75uL of 0.02ug/uL trypsin (Promega, USA) to
the gel pieces and left to absorb on ice for 20min. When all the trypsin solution had been
absorbed, 40mM ammonium bicarbonate/10% ACN was added to cover the gel pieces and
incubated for 18h at 37°C in a humid chamber. Following this, 100% ACN was added and
another incubation for 15min at 37°C was performed. The supernatant was then collected
into a clean tube, and the extraction process was repeated twice with 50% ACN/5% formic
acid (LC-MS Grade). Finally, the samples were dried using a SpeedVac concentrator for 5-
8h.

Mass spectrometry analysis

The nanoLC system employed in this experiment consisted of a Vanquish Neo
UHPLC system coupled in line with a QExactive Plus Hybrid Quadrupole-Orbitrap mass
spectrometer (Thermo Fisher Scientific, USA), which was fitted with a nano-electrospray ion
source (EASY-Spray source; Thermo Fisher Scientific, USA). The mobile phases used were
aqueous formic acid (0.1%) for eluent A and formic acid (0.1%) in acetonitrile (80%) for eluent
B. A sample volume of 10uL was directly injected into a trapping column (C18 PepMap Neo,
5um particle size), which then directed the sample to the analytical column (EASY-Spray
C18 PepMap, 100 A, 75um x 150mm ID, and 3um particle size) at a flow rate of 0.25uL/min.
The temperature of the column was maintained at 35°C. Furthermore, peptide separation
was achieved using the following gradient: 7min from 2.5% B to 12% B, 50min from 12% B
to 46% B, 5min from 46% B to 99% B, and 10min at 99% B. For mass spectrometry, the
instrument was operated in positive ion mode across the m/z range of 300-2000, with a spray
voltage set at 1.9kV and a transfer capillary temperature of 275°C. Full MS parameters
included a resolution of 140,000, an AGC target of 3x108, and a maximum injection time of
200ms. The top 15 most intense ions were selected for high-energy collision dissociation
(HCD). Data were collected and analyzed using Xcalibur software version 4.5 (Thermo Fisher
Scientific, USA).

Data was analyzed automatically using the SequestHT search engine with the
Percolator algorithm for validation of protein identifications (Proteome Discoverer 3.1,
Thermo Scientific, USA). Data were searched against the human proteome obtained from
the SwissProt database selecting trypsin as the enzyme and allowing for up to 2 missed
cleavage sites and a precursor ion mass tolerance of 10ppm and 0.6Da for product ions.
Carbamidomethylcysteine was selected as a fixed modification, while oxidation of methionine

(+15.9) was defined as a variable modification.
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Bioinformatics

To generate the final curated protein list, the proteins with less than 2 unique peptides
and the proteins with low or medium protein FDR confidence were removed. Proteins named
contaminants based on their abundance in control conditions (tumor cell interaction with non-

coated beads) were manually removed using Proteome Discoverer 3.1.

For the curation of plasma membrane proteins, protein annotation tables for each cell
line were generated using gene ontology (GO) terms for cellular location through Proteome

Discoverer 3.1. Molecular and biological functions were also explored.

The selection of the proteins enriched in the RKO and in the SW480 samples resulted
from the interactions with CCL18-coated beads was based on exploring Volcano Plots
(VolcaNoseR; https://huygens.science.uva.nl/VolcaNoseR2/) selecting proteins with Log2 of
fold change (RKO/SW480) higher than 1.5 and with adjusted p-value lower than 0.05 (-
Logiop-value higher than 1.3). Three different cell line passages of RKO and SW480 were
used as biological replicates of the experiment. The subset of proteins enriched on the
samples from RKO-(CCL18) Bead interactions were further analyzed regarding their protein-
protein interactions, molecular and biological functions and involved Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways using the Search Tool for the Retrieval of Interacting
Genes/Proteins (STRING) version 12.0 (http://string-db.org/). A network with biological
processes considering only significant pathways (p < 0.05) was constructed for these
common proteins using the following parameters: a GO tree interval of min. 4 and max.10,

and a kappa score of 0.64 in ClueGO plugin for Cytoscape Software 3.10.2.
3.10. Statistical Analysis

Data was first analyzed for Normal (Gaussian) distribution, considering the Shapiro-
Wilk normality test. For two groups (either paired or non-paired), data was analyzed with a
two-tailed Student t-test for parametric samples and Mann-Whitney test for non-parametric
samples. For more than two groups, a One-Way ANOVA and Kruskal-Wallis tests were
performed for parametric and non-parametric samples, respectively. Additionally, multiple
comparisons were performed when necessary. All statistical analysis and the respective
representative graphs were performed using GraphPad Prism Software v8.4.2 (GraphPad-
trial version) and expressed as mean values of at least three independent experiments +

standard deviation (SD). Data was considered significant at a P-value of <0.05.
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Chapter 4: Results

4.1. rhCCL18 stimulates colon cancer cell invasion

4.1.1. rhCCL18 (1ng/mL) stimulates RKO and HCT-15 colon
cancer cell invasion

Our group has previously demonstrated that when monocytes were seeded over
tumor decellularized matrices, derived from colorectal cancer patients’ surgical resections,
they differentiated as anti-inflammatory macrophages, expressing high levels of CCL18.
Interestingly, we reported that this immunosuppressive chemokine was secreted and able to
stimulate colon cancer cell invasion. Four distinct cell lines (RKO, HCT-15, SW480, and
SW620) were tested, but only RKO and HCT-15 cells seemed to respond and to invade upon
incubation with rhCCL18 (Figure 6). In addition, we demonstrated that this pro-invasive effect
was impaired through a neutralizing monoclonal antibody targeting CCL18 (Figure 6) (46).
Additionally, we demonstrated that CCL18 was preferentially expressed at the invasive front
of more advanced CRC cases, at areas where macrophages and Tregs were also more
abundant (46).
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Figure 6. rhCCL18 (1ng/mL) stimulates RKO and HCT-15 colon cancer cell invasion. (A) RKO colon
cancer cells were maintained untreated or treated with 1ng/mL of rhCCL18, in the presence or not of 1ng/mL
of a neutralizing monoclonal anti-CCL18 antibody, on Matrigel invasion assays. (B) HCT-15 colon cancer
cells were maintained untreated or treated with 1ng/mL of rhCCL18 on Matrigel invasion assays. After 24h
of incubation, the invasive cells were counterstained with DAPI and counted under the microscope. Graphic
data are representative of 6 independent experiments (panel A, adapted from Pinto ML et al, Biomaterials,
2017, panel B, new data). *p<0.05.

4.1.2. rhCCL18 (10ng/mL) stimulates RKO but not HCT-15 colon
cancer cell invasion

During this MSc thesis, we decided to further exploit the impact of other
concentrations and other biological effects of rhCCL18 on the responsive cell lines. Thus,

Matrigel invasion assays were performed with both RKO and HCT-15 cells exposed at
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10ng/mL of rhCCL18. We found that although there was still stimulation of invasion of the
RKO cells, the HCT-15 cells decreased their invasive capacity, when stimulated with this
cytokine concentration (Figure 7). However, the latter results were not statistically significant,

probably due to the reduced number of biological replicates.
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Figure 7. rhCCL18 (10ng/mL) stimulates RKO cell invasion. (A) RKO and (B) HCT-15 cells were
stimulated with 10ng/mL of CCL18 on Matrigel invasion assays. After 24h of incubation, the invasive cells
were counterstained with DAPI and counted under the microscope. Graphic data are representative of 3-4
independent experiments. *p<0.05; ns: not significant.

4.2. rhCCL18 modulates colon cancer cell migration

4.2.1. rhCCL18 (1ng/mL) in serum-containing conditions has
limited effect on RKO cell migration

Considering preliminary data from the group and that invasion may result from
enhanced migration and proteolysis of ECM components, we decided to exploit the effect of
rhCCL18 (1ng/mL) on RKO cancer cell migration. Distinct migration assays were then
established, specifically for the analysis of single-cell and collective Wound-healing

migration.
Single-cell migration

For single-cell migration, 5x10* cells of a single-cell suspension were seeded per well
of a 24-well plate and after 6h, 1ng/mL of rhCCL18 was added to each well, in the presence
of complete RPMI 1640 medium (with 1% P/S and 10% of FBS). Individual cell trajectories
were then tracked for 15h, and images were acquired every 10min. Time-lapse microscopy
analysis was performed and four parameters were evaluated: accumulated distance (total
distance that the cells migrated); displacement (distance between the cell first and the last
position observed); speed (ratio between the accumulated distance and the track duration in
seconds); and straightness (a measurement that indicates how straight the migration was).
Our results evidenced that RKO cells stimulated with 1ng/mL of rhCCL18 had the tendency
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to migrate faster (speed), with a significant straight direction and a significant reduction of the
accumulated distance than those cells without stimuli (Figure 8).
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Figure 8.rhCCL18 (1ng/mL) has limited effect on RKO single-cell migration. (A) Representative images
of the trajectory of individual cells from one of the fields analyzed per condition. Single-cell analysis of RKO
cells stimulated or not with 1ng/mL of rhCCL18 and followed every 10min until 15h. (B) Four migration-
associated parameters were assessed per cell: (a) Accumulated distance (um), (b) displacement (um), (c)
speed (um/sec), and (d) straightness. Each dot represents the average of all the areas evaluated in each
independent experiment. Images and graphic data are representative of 3 independent experiments.
*p<0.05; ns: not significant.

Collective cell migration

For collective wound-healing migration, RKO cells were seeded at an initial density
of 4x10* cells/well in a 24-well plate and, when reached confluency, the monolayer was
scratched and the ability of cells to migrate collectively and to repair the wound was evaluated
along 18h. The results obtained suggested that rhCCL18, at the concentration of 1ng/mL,
did not affect collective RKO cell migration, and no significant differences were visible
between conditions (Figure 9).
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Figure 9. rhCCL18 (1ng/mL) has no effect on collective RKO cell migration. (A) Representative images
of collective cell migration. Wound-healing assay where RKO cells were stimulated with 1ng/mL of rhCCL18,
and the gap was monitored every hour until the final timepoint of 18h. (B) The % of gap closure was
evaluated. Each dot represents the average of all gap closures evaluated in each independent experiment.
Images and graphic data are representative of 3 independent experiments. ns: not significant.
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4.2.2 The percentage of FBS influences colon cancer cell
migration

Considering that the literature suggests that one should inhibit proliferation to ensure
that only cell migration is being evaluated during migration assays, specifically Wound-
healing, we decided to explore this possibility. Since the most common method applied for
suppressing proliferation is using low serum concentrations (serum starvation) (134), we
decided to evaluate the impact of media supplementation with 1%, 5%, or 10% of FBS on

RKO and on HCT-15 Wound-healing migration, in the absence of external stimuli.

The results suggested that, in both cell lines, media supplementation with a lower
percentage of FBS generates a favorable environment for migration. Although not statistically
significant, RKO cells showed a higher % of gap closure upon culture in media with 1% of
FBS (Figure 10A-B), while HCT-15 preferred being cultured with 5% (Figure 10C-D). Aiming
at standardizing all experimental conditions, we decided to repeat the previous migration

assays using media supplemented with 1% of FBS for both cell lines.
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Figure 10. The percentage of FBS influences colon cancer cell migration. (A) Representative images
of collective cell migration. Wound-Healing assays were performed on (a) RKO or (b) HCT-15 cells cultured
with RPMI 1640 supplemented with 1%, 5%, or 10% of FBS, and the gap was monitored every 3h until the
final timepoint of 31h. (B, C) The % of gap closure was evaluated, comparing the initial and final gap
measure. Each dot represents the average of all gap closures evaluated in each independent experiment.
Images and graphic data are representative of 4-5 independent experiments. *p<0.05; ns: not significant.
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4.2.3.rhCCL18 (10ng/mL) affects colon cancer cell individual and
collective migration

Similar to previous migration experiments, the impact of rhCCL18 on both RKO and
HCT-15 individual and collective migration assays were evaluated but, this time using
10ng/mL of rhCCL18 in media supplemented with 1% of FBS.

Single-cell migration

For single-cell migration, cells were seeded, stimulated with the desired
concentration of rhCCL18, and followed for 20h. Under these restricted serum conditions,
rhCCL18 impacted the individual cell migration of both RKO and HCT-15 cells (Figure 11).
In contrast to what was expected, rhCCL18 (10ng/mL) decreased the migration of RKO-
stimulated cells for all parameters assessed (Figure 11A-B), with significant differences in
cell displacement and speed of migration. Interestingly, upon treatment with rhCCL18
(10ng/mL), HCT-15 stimulated cells exhibited lower accumulated distance and displacement,
correlating with a decreased migration. However, moving cells migrated faster, presenting

higher speed, and performing a straighter trajectory, than non-stimulated cells (Figure 11C-
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Figure 11. rhCCL18 (10ng/mL) affects colon cancer cells individual migration. (A) Representative
images of the trajectory of individual cells from one of the fields analyzed per condition. Single-cell analysis
where (a) RKO and (b) HCT-15 cells were stimulated or not with 10ng/mL CCL18 and followed every 10min
until 20h. (B, C) Four migration-associated parameters were assessed per cell: (a) Accumulated distance
(um), (b) displacement (um), (c) speed (um/sec), and (d) straightness. Each dot represents the average of
all the areas evaluated in each independent experiment. Images and graphic data are representative of 6
independent experiments. *p<0.05; **p<0.01; ns: not significant.
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Collective cell migration

Furthermore, collective cell migration was also evaluated. For Wound-healing, cells
were seeded and, upon reaching confluency, a gap was manually created and cells were
then treated with rhCCL18 (10ng/mL) and their trajectories followed for 31h. Our results
demonstrated that colon cancer cells responded differently to stimulation with this
immunosuppressive chemokine (Figure 12). Interestingly, rhCCL18 significantly increased
RKO collective cell migration, as evidenced by the enhanced percentage of gap closure,

(Figure 12B), without affecting HCT-15 colon cancer cells collective migration (Figure 12C).

Interestingly, we observed that cell morphology also altered after stimulation with
rhCCL18 (10ng/mL). RKO cells evidenced a more elongated and loose shape, with front
cellular projections characteristic of migratory cells, as if they were trying to reach and
interconnect other cells (Figure 12Aa), while HCT-15 cells were more compact, preferring to

be close to neighboring cells (Figure 12Ab).
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Figure 12. rhCCL18 (10ng/mL) stimulates RKO colon cancer cell collective migration. (A) Wound-
healing assay where (a) RKO and (b) HCT-15 cells were stimulated with 10ng/mL rhCCL18, and the gap
was monitored every 3h until 31h. (B, C) The % of gap closure was evaluated in comparison to the initial
gap. Images and graphic data are representative of 5-7 independent experiments. *p<0.05; ns: not
significant.
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4.3. rhCCL18 (10ng/mL) does not affect colon cancer cell
proliferation

To understand how CCL18 affects colon cancer cell proliferation, a cell cycle assay
was performed. For that, RKO and HCT-15 cells were stimulated with 10ng/mL of rhCCL18
and, after 48h or 72h of stimulation, cells were fixed, incubated with viable dyes, and
analyzed by flow cytometry. The results suggested that rhCCL18 does not influence the
proliferation of RKO nor of HCT-15 cells, as there were no statistically significant differences

observed at any of the time points studied (Figure 13).

Interestingly, 48h after stimulation, approximately, 60% of the RKO population was
arrested in the G1 phase, 20% in the S phase, and 20% in the G2/M phase, with no significant
differences between control and treated cells. At 72h, we observed an increase of RKO cells
arrested in the S phase to approximately 40%, with G2/M maintaining 20%, and G1
decreasing to 40%, with again no significant differences between control and treated cells
(Figure 13B).

Regarding the HCT-15 population, 35% of the cells were arrested at the G1 phase,
40% at the S phase, and 25% at the G2/M phase, after 48h of stimulation. In addition, there
appeared to occur a slight increase in rhCCL18-stimulated cells arrested in the S phase,
compared to the control, and a minor decrease in the G2/M phase. However, these results
were not statistically significant. At 72h, we observed an increase to 50% of HCT-15 cells
arrested in the G1 phase, and a decrease to 30% in the S phase and to 20% in the G2/M
phase. Similar to the time point of 48h, there appeared to exist a small increase in the
percentage of cells stimulated with CCL18 (10ng/mL) arrested in the S phase, compared with

control, although this result was not statistically significant either (Figure 13C).

Considering that the differences between time points were present in both conditions,
control and experimental, we can assume that they are inherent to the cell type and not to
the treatment. Nevertheless, further experiments should be performed to enhance the

number of experimental replicates and empower the statistical analysis.
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Figure 13. rhCCL18 (10ng/mL) does not affect colon cancer cell proliferation. (A) Representative
images of the gating strategy applied in these experiments, and of cell cycle histogram. (B, C) Cell cycle
assay where (a) RKO and (b) HCT-15 cells were stimulated with 10ng/mL rhCCL18. After 48h and 72h of
stimulation, cells were fixed and analyzed by flow cytometry. The % of cells arrested in each cell cycle phase
was evaluated. Graphic data are representative of 1-3 independent experiments. ns: not significant.
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44. rhCCL18 (10ng/mL) does not induce matrix
metalloproteinases (MMP) activity

To unveil the possible mechanism underlying CCL18-mediated invasion, conditioned
media derived from Matrigel invasion assays of colon cancer cells exposed to this chemokine
were analyzed, by gelatin zymography. Through this technique, the presence and the
proteolytic profiles of, pro-active and active, matrix metalloproteases MMP-2 and MMP-9
were assessed and further quantified (Figure 14). Since in our previous experiments,
rhCCL18 only stimulated RKO cancer cell invasion, we decided to use only this cell line

conditioned medium along these analyses.

Our results evidenced the presence of pro-active and of active MMP-9 forms in both
conditions, but only the pro-form of MMP2 was visible (Figure 14A). Furthermore, no
significant differences between the proteolytic activity of these pro- and active MMPs were
observed in the presence or absence of rhCCL18 (10ng/mL) (Figure 14B). These findings
suggest that CCL18 does not promote invasion through the degradation of the ECM.
However, further experiments with higher concentrations of rhCCL18 should be used in

parallel with invasion and migration assays.
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Figure 14. rhCCL18 (10ng/mL) does not induce MMP proteolytic activity. Conditioned media from
invasion assays with 10ng/mL of rhCCL18 were evaluated on gelatin zymograms. (A) Representative image
of a gelatin zymogram. (B) (a) Pro-MMP9, (b) Active MMP9, and (c) Pro-MMP2 gelatin proteolytic activity
was quantified. Images and graphic data are representative of 3 independent experiments. ns: not
significant.
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45. rhCCL18 does not induce tumor growth and
neoangiogenesis in the chicken ChorioAllantoic Membrane
(CAM) assay

Our next aim was to ascertain the potential impact of CCL18 in vivo, having
established its influence on cell invasion in vitro. Considering that CCL18 is a primate-specific
chemokine, with no described murine ortholog, the use of a mouse model brings no particular
advantage. Thus, we decided to proceed with the implantation of the human colon cancer
cells on the chicken CAM to unravel the in vivo impact of rhCCL18, particularly on tumor

growth and neoangiogenesis.

A preliminary test was conducted to understand the growth pattern of RKO and of
HCT-15 cells in the CAM, and to infer the necessity of using or not Matrigel, when implanting
the human cancer cells. For that, fertilized chicken eggs were maintained for 3 days in the
incubator, prior to the overture of a small window on the eggshell to remove albumin and
detach the CAM for further implantation. After this step, a piece of transparent scotch tape
was placed on top of the egg, to impair any contamination, and eggs were returned to the
incubator. At day 10, a sterile silicone ring was introduced on top of the CAM, and 1x10% RKO
or HCT-15 cells, resuspended in 10uL of complete RPMI 1640 medium or of 5uL Matrigel
(diluted 1:1 in RMPI 1640 medium), were placed inside. After cancer cell implantation, eggs
were further incubated for 3 additional days at 37°C (Figure 15A). Our results demonstrated
that although tumors were formed by both cell lines, in the absence of rhCCL18, RKO tumors
were smaller than those formed by HCT-15 cells (Figure 15B). Matrigel was also considered
as necessary since no tumor formation occurred when both cells were implanted in its

absence (Figure 15B).

Since we have previously reported that CCL18 stimulates cancer cell invasion, and
that the HCT-15 tumors were already very large, further experiments were carried out only
with RKO cells, to better visualize the stimulation effect. Also, larger tumors often caused a
loss of neoangiogenesis readout, solidifying our decision to proceed with this cell line and to
exclude the use of HCT-15 cells. Considering this, fertilized chicken eggs were then
implanted, as previously described, in the presence of 5uL Matrigel (diluted 1:1 in RMPI1 1640
medium), and of 20ng/mL of rhCCL18. After 3 days of additional incubation at 37°C, the
CAMs were fixed, further analyzed under a stereomicroscope, or embedded in paraffin for
further histological analysis (Hematoxylin/Eosin and Cytokeratin stainings). These
experiments were performed in ftriplicate, and in each experiment, 10 to 15 eggs were

considered per condition.

Although in the initial experiments, some apparent differences were found, our final
results evidenced that rhCCL18 (20ng/mL) did not promote, in comparison to the untreated

control, tumor growth or tumor neoangiogenesis (Figure 15C). In fact, no statistically
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significant differences were observed, regarding tumor area or of new blood vessels
formation, when RKO-induced tumors were exposed or not to rhCCL18 (Figure 15D). It is,
however, possible that the concentration used was not sufficient for in vivo assays or that the
model is limited for the application of a chemokine that has no known mouse or avian
ortholog. Further experiments should be performed to further exploit the in vivo impact of
CCL18.
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Figure 15. rhCCL18 (20ng/mL) does not promote RKO tumor growth nor RKO tumor
neoangiogenesis. (A) Representative scheme of the experimental setup. (B) Pilot CAM study to observe
the growth pattern of RKO and of HCT-15 cells implanted with and without Matrigel (1:1). (C) CAM assay
with RKO cells, in the presence of 5uL of Matrigel, stimulated with 20ng/mL of CCL18. (D) (a) Tumor size
(mm2) and (b) angiogenesis response (vessel number) were evaluated using a stereomicroscope. Images
are representative of 4 independent experiments with 10 to 15 eggs per experiment. ns: not significant.

Although rhCCL18 did not promote tumor growth, the impact of this chemokine on
the invasive ability of RKO cells through the CAM was further evaluated through a detailed
histological analysis. 6 cases from each condition, non-stimulated and stimulated with
rhCCL18, were selected and stained for hematoxylin/eosin and for cytokeratin (Figure 16).
Our results show that no major differences have been found regarding the dimension of the
tumors formed in the presence or the absence of rhCCL18, nor their invasive capacity (Figure
16).
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formed in the chorioallantoic membrane, in the presence and the absence of rhCCL18 (20ng/mL), were
excised from the CAM, fixed, and embedded in paraffin, followed by staining for hematoxylin/eosin and for
cytokeratin. Tumor size and invasive capacity were evaluated blindly by two independent observers. Images
are representative of 6 cases from 4 independent experiments, with 10 to 15 eggs per experiment.

4.6. Study of the CCL18 receptor(s)

4.6.1. Establishment of RKO and of HCT-15 KO clones for the
expression of PITPNM3 and of CCRS8 receptors

Our group has previously described that the immunosuppressive CCL18 chemokine
stimulates, on RKO and on HCT-15 cells, the phosphorylation of the EGFR and of its
associated downstream partners: 1) the FAK, 2) the tyrosine kinase Src, 3) the serine-
threonine kinase Akt and 4) the Extracellular signal-regulated kinase ERK (unpublished, data
not shown). Nevertheless, EGFR has never been described as a putative CCL18 receptor.
Instead, this chemokine was associated, in other tumor types, with three well-described
receptors: PITPNM3, CCR8, and GPR30. However, in CRC there is no available information.
To uncover the putative CCL18 receptor in this cancer, that may possibly, upon binding to the
chemokine, interact with EGFR and activate the downstream signaling pathway, we decided
to employ the CRISPR-Cas9 technology. To this end, appropriate single-guides RNA
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(sgRNAs) for the deletion of CCR8 and of PITPNM3 were designed and cloned into the
pSpCas9(BB)-2A-GFP vector. Vector production was achieved by the transformation of the
chemically competent E. coli strain Stb/3 (Figure 17A). RKO or HCT-15 colon cancer cells
were then transfected with the plasmid DNA, and incorporation by the cells was verified by
the GFP tag present in the plasmid (as green cells) (Figure 17B). DNA was extracted and a
PCR reaction was carried out to confirm the plasmid internalization by the cancer cells. The
sgRNAs were designed to target regions of each gene that codify important aspects for the
function an expression of the proteins. In the case of PITPNM3, the region of the DDHD
domain encompassing 3 exons (exons 9-11) was selected owing to its important role in the
function of the protein, namely in the membrane turnover, intracellular trafficking, and lipid
transport and metabolism (135). For CCR8 gene, the deletion region included the coding
sequence of the disulfide bridges (on exon 2) crucial for the structural stability and
conformational dynamics of the proteins (136). Sequence of sgRNAs and primers are
specified on Table 1. It is worth noting that a guanine (G) nucleotide was added in the
beginning of the guides sequence (5’ region) because the U6 RNA polymerase Il promoter

used to express the sgRNAs prefers a G as the first base (137).

The length of the PCR reaction products was previously estimated based on the
nucleotide coding sequence of each gene (Figure 17C). Importantly, both WT and PN primers
chosen for each gene were also validated by a PCR reaction, to confirm their ability to
hybridize with the region of interest (Figure 17D). AKO population was found in both cell lines
(RKO and HCT-15, as annotated) for PITPNM3 (Figure 17Ea) and CCR8 (Figure 17Eb),
shown by the ~900bp and <200bp bands for the WT primers, respectively, the expected size
for a KO population in each gene (Figure 17 Cb).
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Figure 17. Preparative steps for the silencing of both putative CCL18 receptors (CCR8 and PITPNM3)
in CRC cells. CRISPR-Cas9 was used to knockout PITPNM3 and CCR8 genes in RKO and in HCT-15 cells.
(A) Bacteria transfected with the plasmid for PITPNM3 or CCR8 are being selected. (B) GFP+ cells (in
green) incorporated the pSpCas9(BB)-2A-GFP (PX458) plasmid in both (a) RKO and (b) HCT-15 cells. (C)
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(a) Representative scheme of the deletion performed. (b) Length of WT and PN primers, the deletion region,
and the resulting amplicon involved in the deletion. WT: wild-type primer and PN: pioneer primer (D)
Validation of the chosen primers for each gene by PCR reaction. (E) PCR analysis of (a) PITPNM3 and (b)
CCRS8 genes evidences a lack of amplification, suggesting the successful establishment of both a PITPNM3-
knockout and a CCR8-knockout population in HCT-15 and in RKO cells (yellow and red rectangles).

After validating all necessary components, we sorted the GFP* transfected cells to
obtain isolated clones to be expanded and further validated. In total, we obtained 29 CCR8
clones and 15 PITPNM3 clones. Following their expansion, isolated clones underwent testing
for KO via PCR analysis, and then 6 WT and 13 putative KO clones were obtained for CCRS,
and 7 WT and 4 putative KO clones were obtained for PITPNM3. After this preliminary
confirmation, a second PCR was carried out using both wild-type (WT) and pioneer (PN)
primers to ensure the existence of a KO population for each receptor. While most of the
CCRS8 clones (Figure 18A) appear to be KOs, the PITPNM3 clones (Figure 18B) failed this
confirmation, with every clone displaying a heterozygous (or polyclonal) phenotype, which
we can conclude from the presence of two bands with distinct molecular weights in the PN
lane. However, we could observe a change in the PN band pattern of the clones, in
comparison to that of the controls (wild-type clones). In fact, there seems to be two high-
molecular weight bands migrating closely together in the wild-type control clone, while there
is only one band observed in the putative KO clones. The lower band might represent non-
specific amplification. If this is the case, the WT PCR indicates that only one of the tested
clones (1/3 G2) might be a KO. Sequencing analysis is required to further understand the
status of the deletion site in PITPNM3.

Further experiments will be needed to confirm the protein expression levels of CCR8
and PITPNM3 receptors in each of the clones, which will allow another confirmation of KO.
Currently, all the expanded clones were frozen, and prepared for DNA extraction and for cell
lysates. In the near future, the lysates will be used for western blot analysis aiming to confirm
the loss of expression of PITPNM3 and of CCR8 in each RKO and HCT-15 clones, allowing
the identification of the real KO ones. Unfortunately, the distinct technical problems
encountered, during the expansion of these clones and during the PCR KO confirmation, did
not allow us to advance with the western blot analysis and to confirm if the generated clones

were indeed KO for the candidate receptors.
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Figure 18. Establishment of CCR8 KO clones. Confirmation of the presence of (A) CCR8 knockout clones
(indicated by red rectangles) and the absence (B) PITPNM3 knockout clones, conducted using PCR
analysis, with both WT and PN primers. WT: wild-type primer and PN: pioneer primer

4.6.2. Proteomic crosslinking assay for identifying CCL18
receptors in CRC cell lines

In parallel with the CRISPR-Cas9 technology, performed for the establishment of KO
models of CCL18 canonical receptors, we conducted a crosslinking mass spectrometry
assay using CCL18-coated magnetic beads as a decoy, to uncover the putative receptor of
CCL18 chemokine in our colon cancer cell lines, under native conditions. Since we had
previously demonstrated that RKO cells respond and invade in the presence of CCL18, this
cell line was selected for this crosslinking assay, in an attempt to pulldown and to identify the
CCL18 receptor. In contrast, SW480 cells that do not respond and do not invade in the

presence of CCL18, were used as a negative control.

Aiming to pulldown the receptor using the chemokine ligand as a decoy, we
performed the coating of the magnetic beads with rhCCL18 protein, the same used for the
functional assays in the previous sections. The coating efficacy and epitope recognition were
verified by flow cytometry using a specific anti-CCL18 antibody. Our results evidence a clear
increase in the mean fluorescence intensity (MFI) for the CCL18-coated beads in comparison
to the control non-coated beads, both stained with anti-human CCL18 antibody, which
confirmed the binding of CCL18 to the beads (Figure 19A). Additionally, we performed the
interaction of the control and CCL18-coated beads with RKO and SW480 colon cancer cells

to form conjugates, subsequently isolated for proteomic analysis (Figure 19B). It is possible
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to conclude the occurrence of successful binding, considering the presence of the beads

(black dots) in the colon cancer cells surroundings (Figure 19B).
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Figure 19. Magnetic beads were successfully coated with CCL18 and conjugated with CRC cells. (A)
Representative image of a flow cytometry histogram regarding the coating of the magnetic beads with CCL18
(red histogram), at a ratio of 10ug of CCL18 per 20 million beads. (B) Representative image demonstrating
the conjugation of the magnetic beads (black dots) with the cancer cells (white dots), after 1h of interaction
in a native environment. FITC: fluorescein-5-isothiocyanate.

After conjugation formation and isolation of protein-protein interactions, the samples
were digested and analyzed by mass spectrometry. For all conditions, we cross-referenced
this information with the human proteome. After filtering out known contaminants and low-
confidence hits, we identified high-confidence proteins using the Proteome Discoverer
software. It should also be noted that contaminating proteins, meaning proteins that came
attached to the beads but did not specifically interact with CCL18, were manually excluded

from further analysis.

After filtering, we compared the list of proteins obtained upon the interaction of
CCL18-coated beads with RKO samples and with SW480 samples, and excluded those that
were enriched or exclusively present in the SW480 samples. This decision was based, as
previously stated, on the fact that SW480 cells are not responsive to CCL18-mediated
invasion. Then, to restrict the number of candidates, we selected, in the Panther database,
the proteins that had the GO term “membrane” and specifically “plasma membrane”,
obtaining 29 proteins (Figure 20A). To refine our list of proteins and confirm their plasma
membrane association, we searched for the GO terms “plasma membrane” and “cell
membrane” in the Uniprot database, in the Subcellular Location section, obtaining a list of 20
proteins (Figure 20B). Finally, we searched for protein-protein interactions in the STRING

database and enriched pathways in Cytoscape, using the ClueGo network (Figure 20A).
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Figure 20. Proteomic workflow for identifying CCL18-interacting proteins. (A) Schematic overview of
the proteomic workflow for selecting the proteins interacting with CCL18-beads. Briefly, the proteins
interacting with CCL18-beads were identified using Proteome Discoverer software. Contaminants were
excluded, as well as proteins that were either enriched or exclusively found in SW480 conjugates. From the
remaining set, only proteins annotated with the GO terms “plasma membrane” and/or “cell membrane” were
selected. Further analyses included assessing protein-protein interactions (PPIs) and identifying enriched
biological pathways linked to these proteins. (B) List of plasma membrane proteins identified using the
described roadmap.
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Through this strategy, we found a network with 4 major pathways present and
enriched in our proteins of interest, with 6 secondary and associated pathways also present
(Figure 21A). The major pathways and functions displayed are: positive regulation of
intracellular transport (grey), cadherin binding (light blue), cell adhesion and molecule binding
(light and dark blue), and neutrophil degranulation (green). Associated with this are: the
regulation of intracellular transport (grey), cell-cell junction assembly (dark blue), cell junction
assembly (dark blue), cell-cell junction organization (light and dark blue), cell junction
organization (dark blue), and innate immune system (green). These pathways can be
grouped into three major groups: cell-cell junction organization, positive regulation of
intracellular transport, and cadherin binding, with the majority of the proteins (~71%)

associated with the first one (Figure 21B).
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Figure 21. Pathways Enrichment Analysis. (A) Cytoscape was used to visualize and analyze the enriched
pathways associated with the selected proteins. This analysis revealed key biological pathways that are
significantly overrepresented in the dataset, providing insights into the potential functional roles of the
proteins interacting with CCL18. (B) The identified proteins were categorized based on their associated
biological functions. The percentage of genes per functional group was calculated, illustrating the distribution
of protein functions across various cellular processes, including signaling, adhesion, and membrane
transport.
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Then, considering that we described that EGFR interacts with CCL18 and that this
chemokine leads to EGFR and its downstream targets phosphorylation (unpublished results,
data not shown), we searched the STRING database for protein-protein interactions between
CCL18, EGFR, and our list of targeted proteins. As shown in Figure 22, none of the proteins
were previously identified as directly interacting with CCL18. However, the analysis revealed
a well-established interaction network centered around EGFR, with 8 proteins interacting
directly with this receptor. In addition, other proteins interconnect with these 8 main proteins,

suggesting one or more plausible pathways of action within this network.

Conversely, although the STRING network did not identify any proteins interacting
with CCL18, there is evidence from the literature of an interaction between CCL18 and
annexin 2 (ANXA2) (138), a calcium-dependent phospholipid-binding protein known to
organize exocytosis of intracellular proteins to the extracellular milieu but an interactor of the
Whnt signaling pathway, suggesting that the database may not yet be fully up to date. To
further investigate, we performed an advanced search on PubMed, querying each protein
individually using the search terms “gene name”[Title/Abstract] AND “ccl/18”[Title/Abstract],
and, to be certain, “protein name”[Title/Abstract] AND “cc/18”[Title/Abstract], to see if there
was indeed a link between other proteins and this chemokine. This search revealed a second
study confirming the link between ANXA2 and CCL18 in lung adenocarcinoma (139), in
addition to the breast cancer study we were already aware of (138). In addition to ANXA2,
the search also yielded results for lactotransferrin (LTF). However, the studies presented, in
addition to not being on cancer, do not demonstrate an interaction between these proteins,
but only show that both are highly expressed in severe aplastic anemia (140) and in 1gG4-
related disease (141). Having this in consideration, ANXAZ2 remains the most likely target for
CCL18 interaction but all other appointed molecules remain currently under detailed

investigation.
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Figure 22. Protein-protein interactions. To investigate potential interactions, we queried the STRING
database for CCL18, EGFR, and the proteins on our target list. This analysis aimed to identify known or
predicted protein-protein interactions between these molecules.
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Chapter 5: Discussion

TAMs have been implicated in the development of tumors considering their pro-
migratory, pro-invasive, pro-metastatic, and proteolytic functions. Their primary mechanism
of action is the release of various growth factors, including chemokines and cytokines, which
influence the behavior of tumor cells or other surrounding immune cells. One of these
molecules that captured our attention was CCL18, primarily produced by anti-inflammatory
macrophages at the TME, and known to exhibit pro-fibrotic and immunosuppressive
functions (53), but also to promote cancer cell invasion and metastasis, in breast, ovary, and
lung cancer (49). Nevertheless, in CRC the role of this primate-specific chemokine is still

under characterization.

Our group demonstrated that CCL18 produced by anti-inflammatory macrophages,
differentiated over decellularized tumor matrices from CRC patients' surgical resections,
promoted the invasion of colon cancer cells (46). Importantly, this effect was inhibited upon
the usage of a specific anti-CCL18 neutralizing antibody, and involved the phosphorylation
of EGFR and of its downstream signaling partners, FAK, Src, Akt, and ERK (46). With the
present work, we aimed to understand the underlying mechanisms that sustain CCL18-
mediated invasion and to investigate if this chemokine also impacts cancer cell migration,

proteolytic activity, proliferation, and induces cell cycle alterations.

Cell migration is a highly dynamic phenomenon that together with gained proteolysis
may promote basement membrane invasion, and later cancer metastasis. Our results show
that although CCL18 induces RKO and HCT-15 individual cell migration alterations with an
overall decrease of the migrated distance, with faster and directional migratory speediness,
it promotes RKO collective cancer cell migration. These results support literature data
showing that CCL18 causes the migration of breast (85), bladder (104), hepatocellular (84),
non-small cell lung (83), prostate (142), glioma (100), glioblastoma (102), ovarian (91,110),
pancreatic (93), multiple myeloma (101), osteosarcoma (90), and gastric cancer cells (108).
However, it should be noted that different concentrations of CCL18 were tested in all studies.
We tested 1ng/mL and 10ng/mL, with stimulation occurring in the higher concentration, which
correlates with the results obtained in the breast (85) and pancreatic cancer cells, with the
latter also testing 5ng/mL and 25ng/mL, but obtaining better results with the 10ng/mL of
CCL18 (93). The studies regarding glioma (100), glioblastoma (102), osteosarcoma (90),
ovarian (110), gastric (108,143), and non-small lung cancer cells (83) showed a progressive
increase in the migratory capacity of the cancer cells, in parallel with an increase in the
concentration of CCL18. In fact, the concentration range started at 10ng/mL, continued
through 20ng/mL (90,102,110), and generally ended at 50ng/mL (102,108,110) or 100ng/mL

(100,108,143), depending on the study and time of exposure, being the latter concentrations
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those generally associated with the greatest migratory capacity. One study, with non-small
cell lung cancer, has even tested 1000ng/mL (83). There have also been studies that have
only tested one concentration, this being 20ng/mL (84), 50ng/mL (104), or 100ng/mL (101),
always showing stimulation of cell migration. Furthermore, the studies that tested collective
cell migration, through wound-healing assay, also applied serum reduction, similarly to our
experiments (83,85,90,100,102). Although these studies also evidenced the promotion of
cancer cell migration, there were many variations in the approaches adopted, starting with
the method used to assess migration and ending with the different concentrations tested.
Altogether this suggests that standardization is required and caution should be applied when
analyzing distinct studies data. Considering all this, further experiments with our cell lines are
necessary to analyze whether higher concentrations of CCL18 are required to promote a

more significant migratory capacity.

Reports on the effect of CCL18 on proliferation and cell cycle dynamics are more
heterogeneous. Our results show that CCL18 does not affect cancer cell cycle, which is in
line with what was seen regarding the impact on the proliferation of gastric, pancreatic ductal
adenocarcinoma, multiple myeloma, and glioblastoma multiforme cancer cells
(92,93,101,102,143). Contrarily, there was an induction of proliferation in breast cancer,
diffuse large B cell lymphoma, ovarian cancer, osteosarcoma, urothelial carcinoma, and
glioma (90,91,97-100); and a reduction in non-small cell lung cancer cells and pre-B acute
lymphocytic leukemia cells (56,96), upon stimulation with this chemokine. Similarly to the
migration tests, proliferation experiments also varied in terms of concentrations of CCL18
used. Several concentrations were tested, 1ng/mL, 5ng/mL, 10ng/mL, 20ng/mL, 25ng/mL,
50ng/mL, and 100ng/mL. Effects were seen at 100ng/mL in glioma, but not with 1ng/mL and
10ng/mL (100). In osteosarcoma cells, effects were seen in both concentrations tested
(10ng/mL and 20ng/mL), with a better effect at the highest concentration and longer exposure
(48h instead of 24h) (90). However, even with a range of concentrations, from 1ng/mL to
100ng/mL, at different time points (24h, 48h, and 72h) no effects were seen in several
cancers, including glioblastoma, pancreatic, multiple myeloma, gastric, and non-small lung
cancer (92,93,101,102,143). Further studies are necessary to test other concentrations of
CCL18 in our colon cancer cell lines, to be certain of the obtained result. Nevertheless, our
results suggest that CCL18 at the concentration of 10ng/mL, despite promoting the invasion

of colon cancer cells, does not seem to affect cancer cell cycle dynamics, at least in vitro.

Another activity associated with the invasion of cancer cells is the degradation of
ECM components. Matrix metalloproteases, termed MMPs, are enzymes involved in ECM
proteolysis, cell surface receptors cleavage, adhesion molecules degradation, and soluble
factors activation, stimulating tumor growth, invasion, and metastasis. These proteases are

synthesized in a latent, inactive form called zymogen and contain a zinc atom in their active
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site. The contact between the zinc molecule and the cysteine switch in the pro-domain is
disrupted during MMP activation, resulting in the pro-form cleavage and production of the
active enzyme (144). Active form production typically occurs simultaneously with a decrease
in molecular mass and active site exposure. Two members of the MMP family have been
highly researched, regarding their role in tumor invasion and metastasis, the gelatinases
MMP-2 and MMP-9 (145). Since these gelatinases are typically highly expressed in human
malignant tumors, their expression and activity are linked to tumor progression. The term
gelatinases derives from their ability to hydrolyze denatured collagen | (gelatin) (144,145).
Actually, our group has previous work showing that anti-inflammatory macrophages are
efficient in inducing MMP-2 and MMP-9 activity, which was essential for macrophage-
mediated cancer cell invasion (146). Moreover, as previously mentioned, we also
demonstrated that macrophages differentiated within tumor derived matrices stimulated
cancer cell invasion through a mechanism involving CCL18 (46), which led us to hypothesize
that CCL18 stimulates MMP activity and promotes cancer cell invasion through this action.
Considering the importance of these MMPs for tumor cell invasion, we evaluated their
expression in our colon cancer cell lines, in the presence and absence of stimulation with
CCL18. Our results show similar gelatinolytic activities of pro-form and active MMP-9 form,
and of the pro-form of MMP-2, in the presence and absence of rhCCL18. As such, the
activation of these MMPs does not seem to result from the action of the chemokine,
suggesting that CCL18 does not promote invasion through ECM degradation. Unfortunately,
as there is no research into the association of CCL18 and these MMPs in other cancer types,
it is not possible to do a direct comparison with other findings to see whether our results were
the norm or the exception. However, it is reported that CCL18, together with MMP-2 and
MMP-9, influences pulmonary inflammation and fibrosis, with overexpression of the
chemokine increasing the levels of the gelatinases (147). Moreover, although there are no
cancer reports on these specific MMPs, there are with other proteases from the MMP family.
For example, MMP-3 expression in gastric cancer is increased upon stimulation with CCL18,
resulting in cell invasion and migration increase. This stimulation occurs in a dose-dependent
manner, with 10ng/mL, 50ng/mL, and 100ng/mL of CLL18 tested, with the latter concentration
presenting the better result (143). This suggests that further experiments with higher
concentrations of rhCCL18 should be used in parallel with invasion assays. Additionally, it
would also be necessary to perform this assay on another colon cell line, to confirm and

reinforce our conclusions.

An important aspect to consider in our in vitro experiments (migration, proliferation,
proteolytic activity) is that they don't reflect necessarily the concentrations of CCL18 present
in the serum. CCL18 is described as present in serum at concentrations of 30ng/mL (119),
and we are employing 10ng/mL in our tests, since our preliminary results indicated that this

concentration was sufficient to induce cancer cell invasion (46). Although this is sufficient to
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promote invasion, it may not be sufficient for other types of assays. Considering that other
studies have tested various concentrations of CCL18, obtaining results that are dose-
dependent, perhaps we should test increasing concentrations of this chemokine in future

experiments.

Altogether, our in vitro results suggest that the concentration of 10ng/mL of CCL18
seems to promote colon cancer cell invasion by stimulating cells to migrate without
the promotion of proteolysis. Tumor cells can migrate as collective groups or as individual
cells using mesenchymal or amoeboid modes of dissemination (148). Mesenchymal cells
exhibit an elongated morphology and can move forward by producing traction force through
integrin-mediated extracellular matrix adhesion and cytoskeletal contractility (148). In our
results, we observed a change in cell morphology in our collective cell migration studies,
which is in line with this mechanism of action. Usually, the production of migration paths by
mesenchymal tumor cells is also dependent on proteolysis-dependent ECM degradation.
Conversely, in the lack of proteolysis-dependent ECM remodeling, amoeboid cells with a
rounded and deformable morphology can fit through small pores and tight spaces in the
ECM. This kind of movement is characterized by the cells' exhibiting protrusions, which
maintain dynamic and weak cell adhesion to the ECM, resulting in rapid movement (148).
Considering our lack of results regarding the proteolytic activity of MMPs, this could be the
preferred mechanism of action, at least for the RKO cell line, which showed the mentioned
changes in cell morphology. The HCT-15 cell line did not show the same morphological
change, preferring to remain close to neighboring cells. Similarly, it did not show the same

capacity for cell migration as the RKO cells.

Additionally, a sign of tumor growth, invasion, and metastasis is the formation of new
blood vessels surrounding the tumor (neoangiogenesis). Due to the fact that CCL18 is a
primate-specific chemokine, with no known mouse or avian ortholog (53), research on the
role of this chemokine in cancer progression has proven challenging, since there is a lack of
adequate in vivo experimental models. Nevertheless, having ascertained the impact of
CCL18 in vitro we decided to investigate the impact of this chemokine in tumor growth and
neoangiogenesis in vivo, using CAM assays. In fact, another study, in breast cancer, also
used this model to investigate the relation of this chemokine with their cancer type (149), and
was successful. However, our results did not show stimulation regarding tumor area or
tumors’ new blood vessels formation, upon exposure to rhCCL18. These results contrast with
those obtained in the previously mentioned study, in which they verified an increase in the
number of vessels when stimulated with CCL18, which acted synergistically with VEGF (111).
This study was carried out with the same concentration of CCL18 used in ours (20ng/mL),
but its experimental design seems to be different from the one we employed. While we

implanted colon cancer cells into the CAM, stimulated them with CCL18, and then assessed
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the appearance of new vessels around the tumor; they stimulated the CAM directly with
CCL18 in the absence of cancer cells. Considering these circumstances, the rhCCL18
concentration that we used may not be sufficient. Further experiments should be performed

to exploit the in vivo impact of CCL18.

CCL18 receptors remained unknown for several years upon its discovery. Recently,
three receptors were described as CCL18 receptors: CCR8, PITPNM3, and GPR30, in
distinct tissue types. However, nothing was described in CRC. As such, we employed the
CRISPR-Cas9 technology to uncover the CCL18 receptor in our CRC cell lines. Since the
activation of GPR30 by CCL18 does not result in direct signal transduction, only disturbs the
signal transmission from the receptor for the CXCL12, resulting in reduced chemotaxis and
proliferation of tumor cells exhibiting high expression of this chemokine (56), we decided to
proceed only with CCR8 and PITPNM3, which are well-described to be CCL18 receptors.
Unfortunately, due to the distinct technical problems encountered, during the expansion of
these clones and the PCR KO confirmation, we did not completely confirm if the candidate
receptors were indeed KO at the protein level. We performed PCR to ensure the existence
of a KO population, being successful for the CCR8 clones, while the PITPNM3 clones failed
this confirmation, with every clone displaying a heterozygous (or polyclonal) phenotype.
However, we could observe a change in the PN band pattern of the clones, in comparison to
that of the controls (wild-type clones). In fact, there seems to be two high-molecular weight
bands migrating closely together in the wild-type control clone, while there is only one band
observed in the putative KO clones. The lower band might represent non-specific
amplification. If this is the case, the WT PCR indicates that only one of the tested PITPNM3
clones (1/3 G2) might be a KO. Sequencing analysis is required to understand the status of
the deletion site in PITPNM3. Further experiments will be needed to confirm the protein
expression levels of the clones, which will allow another KO confirmation and reach a
conclusion regarding the putative receptor for our colon cancer cell lines. In the near future,
western blot analysis will confirm the expression levels of PITPNM3 and of CCR8 in each

RKO and HCT-15 clones, allowing the identification of the real KO ones.

In parallel, considering that the colon cancer cells' CCL18 receptor may be not yet
described, we employed a crosslinking mass spectrometry assay using CCL18-coated
magnetic beads as a decoy, to uncover this chemokine putative receptor. Interestingly, none
of the receptors previously described by others to bind to CCL18, such as CCR8, PITPNM3,
or GPR30, emerged through this strategy as putative CCL18 receptors. After a curated
analysis, where we confidently selected plasma membrane proteins, we performed a search
for protein-protein interactions involving our list of proteins with CCL18 and EGFR, as we
have previously described that this chemokine induces EGFR and its downstream targets

tyrosine phosphorylation. Subsequent confirmation of our results using PubMed revealed
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that ANXA2 emerges as the most likely target, as it is the only protein identified with
documented connections to both EGFR and to CCL18 in cancer contexts. Notably, ANXA2
has been reported to interact with CCL18 in breast and lung cancer, and has been described
to promote cancer cell invasion, migration, proliferation, and metastasis. Interestingly, these
effects were attributed to the activation of signaling pathways associated with EGFR
(138,139).

ANXA2 is a member of the annexin family, which comprises calcium-dependent
phospholipid-binding proteins known for their diverse intra- and extracellular functions. These
proteins play critical roles in signal transduction pathways and in the regulation of cellular
growth. ANXA2 exists in four distinct forms: cytoplasmatic, membrane-bound, nuclear, and
secreted. It is overexpressed in several malignant tumors and described to contribute to
invasion, metastasis, angiogenesis, proliferation, F-actin polymerization, EMT, and drug
resistance, playing an important role in the progression of cancer (138,150). Its multifaceted
roles underscore its importance in cancer biology and highlights its potential as a therapeutic

target.

ANXA2 was described to interact with CCL18, promoting CCL18-induced breast
cancer progression and metastasis. Moreover, through the stabilization of Snail, which is a
transcriptional factor crucial to the PI3K/Akt/GSK3B/Snail signaling pathway, ANXA2 was
also described to promote CCL18-induced EMT, in breast cancer cells. This effect seems to
be mediated through the PI3K/Akt/GSK3B/Snail pathway, since depletion of ANXA2 impaired
CCL18-induced phosphorylation of Akt and GSK3 (138). While this study did not explicitly
describe an association between ANXA2 and EGFR, it is noteworthy that Akt, a key
component of the EGFR pathway, could be a common partner of both molecules (151).
Nevertheless, in other studies, ANXA2 has been reported as directly interacting with EGFR

and, indirectly, with its downstream signaling targets.

EGFR is a member of the receptor tyrosine kinase (RTK) family, which regulates
activities associated with cancer progression, such as cell proliferation, differentiation, and
motility. Upon binding to its ligands, which include EGF, TGFa, and heparin-binding EGF
(HbEGF), the EGFR tyrosine kinase (TK) domain dimerizes and activates downstream
effector partners. Alternatively, other TK receptors and GPCR are also described to
transactivate EGFR (151). Following TK activation, trans-phosphorylation of tyrosine
residues within the intracellular domain of the receptor occurs, acting as docking sites for the
interaction with downstream effector pathways. This cascade activates several critical
signaling pathways, including the PKC pathway, the PI3K-Akt pathway, the phospholipase
D1 and D2 and STAT signaling, and the MAPK pathway (151-153).
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Interestingly, ANXAZ2 is described as being involved in the internalization and sorting
of EGFR, upon ligand activation, in early endosomes. Furthermore, it is also involved in the
translocation of Src to the plasma membrane, which is one of the major regulators of the
EGFR signaling pathway (154). EGF and insulin are growth factors also known to induce
PI3K and Src-mediated phosphorylation and activation of ANXA2. ANXA2 is also described
to bind to FAK, another important member of the EGFR signaling pathway (152,153) and to
be, indirectly, implicated in the regulation of the Akt pathway (155). In CRC, ANXA2 is
described to promote cell invasion via Src/ANXA2/STAT3 pathway (156). In this study, the
inhibition and silencing of Scr, STAT3, and ANXAZ2 prevented cancer cell invasion induced
by TGF-B. Moreover, Scr and STAT3 inhibition also interfered with EMT, and delayed cell
proliferation (156). In breast cancer, a study has reported a direct interaction between EGFR
and ANXAZ2, independently of EGF stimulation, suggesting that ANXA2 is inherently part of
the EGFR protein complex rather than being transiently recruited upon stimulation, although
the precise sequence of events was not described (153). In this study, it has been suggested
that ANXAZ2 binds to EGFR at the cell membrane and modulates EGFR phosphorylation and
functions. The use of an anti-ANXA2 blocking antibody, suppressed EGF-mediated EGFR
tyrosine phosphorylation, homodimerization, and signaling, impairing PI3K-Akt and Raf-

MEK-ERK phosphorylation, cell migration, and proliferation (153).

Our previous results suggest that EGFR and CCL18 also interact. Our group has
demonstrated that CCL18 stimulates the phosphorylation of the EGFR and of its downstream
associated members, FAK, Src, Akt, and ERK, on CRC cells (unpublished, data not shown).
Also, CCL18 was identified as the most effective component in the co-incubation medium
promoting esophageal adenocarcinoma cell proliferation and tumor growth, with this effect
being dependent on the level of EGFR (157).

Considering all the information described above, ANXA2 seems to be a suitable target
for further studies regarding its interaction with EGFR and with CCL18 in colon cancer cell
lines. One could speculate that CCL18 may bind to ANXA2 and through it induce EGFR
dimerization, phosphorylation, and activation of downstream interacting partners that
culminate in the induction of cancer cell invasion and migration. However, additional studies
are needed to elucidate the impact of ANXA2 on the activation of EGFR and of its
downstream targets’ phosphorylation, but also of the canonical CCL18 receptors, as GPR30,
PITPNM3, and CCR8. Further invasion assays with cells lacking these receptors expression
and exposed to CCL18 will be crucial to validate their relevance for CCL18-mediated cancer

cell invasion.
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Chapter 6: Conclusions and Future Perspectives

In conclusion, we report that the apparent underlying mechanism of action by which
CCL18 promotes colon cancer cell invasion is through promoting cell migration, particularly
collective cell migration, considering that it did not enhance MMP proteolytic activities.
Furthermore, after stimulating invasion, CCL18 did not induce cell cycle dynamics alterations
in vitro, nor tumor growth and neoangiogenesis in vivo. Considering that CCL18 may have
an effect on the stimulation of metastasis, as suggested in other tumor types, there appear
to be other underlying mechanisms to ensure the survival of the circulating tumor cells and
subsequent formation of a secondary tumor. However, in the future, further studies with
higher CCL18 concentrations are first needed to ensure that our results and conclusions are

valid. Only then could other mechanisms be considered.

In the future, it would be necessary to complete the search for the putative CCL18
receptor in our colon cell lines. Considering the promising results obtained through our two
distinct approaches, through CRISPR-Cas9 technology and the crosslinking mass
spectrometry assay, it is possible that we will reach concrete conclusions soon. At first, we
plan to improve our PCR analysis to confirm PITPNM3, followed by western blot confirmation
that the selected RKO and HCT-15 KO clones are indeed lacking the expression of CCR8
and of PITPNM3 receptors. The successful KO clones will be subsequently selected for
additional functional assays to confirm if CCL18 is still, in the lack of these receptors’
expression, inducing the stimulation of cancer cell invasion and of EGFR and its interacting
partners' tyrosine phosphorylation. The candidate molecules encountered through our
crosslinking mass spectrometry search approach will be also know subject of more research.
Namely, ANXA2 and EGFR blocking antibodies will be used to exploit the impact on cancer

cell invasion and on the downstream pathways’ activation.

As future perspectives, it could also be interesting to move on to humans and, through
patients’ cohorts, evaluate and monitor serum levels of CCL18 during the evolution of the
disease, the various phases of treatment, and post-treatment recovery. In this way, we could
uncover the possible role of CCL18 as a biomarker of this disease. Having this into
consideration we have already designed, in collaboration with the IPO-Porto oncologists and
gastroenterologists, a prospective study to longitudinally monitor CCL18 serum levels that

we plan to initiate soon.
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Thesis Associated Outputs

During the past year, this thesis work was showcased in first-author poster
presentations at the VII iBIMED Symposium, the 17" Young Researchers Meeting of the
University of Porto (IJUP), and the Symposium on Immunomodulation in Cancer and

Regeneration (SICR). The latter was also selected as a speed talk presentation.

Additionally, the results from this thesis will be incorporated in a scientific article, soon
to be prepared. A review article, focused on CCL18 receptors is also being prepared for

submission.
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